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1.0 INTRODUCTION AND SUMMARY 

1. 1 Douglas Battery Research and Development 

Since 1962, Astropower Laboratory, Missile & Space Systems 
Division, Douglas Aircraft Company, has  conducted research and development 
programs related to high energy density batteries. 
has been given particular emphasis in this work because of i t s  high energy 
density per  unit weight and volume. U s e  of silver-zinc batteries in space, 
military and commercial applications has been limited, however, because 
of short cycle life, inability to withstand repeated deep discharges, and 
temperature sensitivity which limits their application to tbe normal ambient 
range (Reference 5). 
silver-zinc cells are basically related to the cellophane and other plastic 
separators used in  their construction (Reference 6), our work has empha- 
sized the development and evaluation of inorganic separators. The broad 
objectives of these programs include long cycle life at both ambient and 
elevated temperatures, capability for repeated deep discharge, capability 
for a large number of total discharges, long wet stand capability over a 
broad temperature range, and improved charge retention. 

The silver-zinc system 

Because the shortcomings of presently available 

1.2 NASA-Lewis Program, NAS 3-6007 

Based upon the promising preliminary results obtained in 
Douglas proprietary programs (References 2, 3, and 7), Contract NAS 3- 
6007, "Program to Develop an Inorganic Separator for a High Temperature 
Silver-Zinc Battery, was established by NASA-Lewis in 1965 (Reference 1). 
The purpose of this program was to evaluate the Astroset inorganic separa- 
tors in the temperature range 25O to looo C and to determine cell character- 
istics at  25O, 50°, looo and 150' C. Test  cells fabricated compl ted more 

density and 20% depth of discharge. 
than 2700 cycles at  25O C and 2280 cycles at  looo C a t  20 mA/cm 2 current 

1.3 NASA-Lewis Program NAS 3-7639 

Having demonstrated the feasibility of using Astroset inor- 
ganic separators in silver-zinc test cells, Contract NAS 3-7639, "Program 
to Develop an Inorganic Separator for  High Temperature Silver-Zinc Bat- 
ter ies ,  '' was initiated by Lewis Research Center on 29  July 1965, 
objectives of this program were to design a multiplate 5-Ah cell  based on 
the inorganic separators and electrodes given preliminary evaluation in 
NAS 3-6007, to fabricate, test and evaluate cell components and cycle test 
and characterize 5-Ah multiple plate cells built f rom these components. 
At the conclusion of the program, ten, 5-Ah cells were to be delivered to 
NASA- Lewis Re  search Center, 

The 

The objectives described in  the work statement have been 

So far, 
satisfactorily accomplished and thirty-five 5-Ah cells were constructed for  
cycle testing and characterization in Task 111 of this program. 

1 



ten of the group of fifteen cells being tested at 25O C at 20 mA/cm2 cur- 
rent density have completed 2300-2950 cycles. 
cells has  completed 1100-2200 cycles at 30 mA/cm2 A third group of 
ten cells completed 400-591 cycles at 30 mA/cmZ'at  looo C. 
be noted that the cycle life performance demonstrated by these 5-Ah 
cells at both room temperature and 100°C far exceeds that of any other 
silver-zinc cells presently available. Although not a direct objective of 
this program, the components used i n  fabricating these 5-Ah cells have also 
demonstrated the capability to survive thermal sterilization at 145OC. This 
capability is of significant value in extending the operating temperature of 
these cells beyond 100°C, and for use in batteries which must be heat s ter-  
ilized for specific mission applications. 
clearly demonstrated the value of this type of construction, and the effec- 
tiveness of practical, multiple plate cell  designs employing Astroset inor- 
ganic separators. 
electrode compartment seals, electrodes, and cell  sealing for  long range 
operation a t  25O and 100°C. 

A second group of ten 

It should 

The work done in this program has 

Additional work should now be done related to improving 

2 



2. < TECHNICAL DISCUSSION 

2. 1 Task I - Design of a Multiplate Five Ampere-Hour Cell 

The work statement stipulated that Astropower Laboratory 
design a multiplate cell comparable to a conventional 5 ampere-hour cell 
on a weight, capacity, power and volume basis. It was understood, how- 
ever,  that the design principles used in conventional cells a r e  based upon 
organic separator technology which is inadequate for cells using inorganic 
separators and capable of long cycle life at elevated temperatures. 
multiplate cell design was based on electrodes and other components pre- 
viously evaluated in NASA Contract NAS 3-6007 by Astropower Laboratory. 
The multiplate cell design had the following physical characteristics a s  
ultimate design objectives: 

The 

Maximum weight filled to. 4 ounces 
-0 .0  ounces 4 . 6  ounces 

Volume 4. 78 cubic inches 

Height 2.91 inches 

Width 2.08 inches 

Depth 0. 79 inch 

These specific dimensions were for general guidance only and 
could be changed for design purposes because an optimized cell was not an 
objective of this program. 

During the investigation, several multiplate 5 ampere-hour 
design concepts were studied. 
inorganic separators and novel methods of separator and electrode packaging 
a s  contrasted to conventional cell designs using plastic separators. 

These designs were based on Astroset 

The basic multiplate cell designs were detailed and thoroughly 
analyzed for (1) ease and simplicity of fabrication and assembly, (2) provi- 
sions for adequate quality control, (3) adequate and positive sealing, (4) 
reproducibility, (5) capability of withstanding environmental requirements, 
(6) simple and effective means of activation, and (7) use of materials and 
processes which a re  presently available. 
on Item 7 because the availability of materials capable of withstanding 
operation at 100°C for extended periods of time and the extreme corrosive 
characteristics of hot potassium hydroxide is limited and little applicable 
testing data a re  available. 

Particular attention was placed 

. 

The analysis of multiplate cell designs indicated that the groove 
type design provided the best initial approach to ths problems of cell as -  
s e mb 1 y , f ab r ic at i on, s e aling , rep r oduc ib ili ty , and mat e r i a1 av ai 1 ability . 
Figure 1 is a perspective view of the grooved cell case. 
separators were individually inserted into the slots in the cell case and 
sealed in place. 

Astroset inorganic 

The silver and zinc electrodes werG then placed into their 

3 
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Figure 1 .  Groove Type Design. 



compartments between the separators.  The electrode tabs were fastened 
to the terminals in the cover assembly. 
absorbent organic material  was then sealed over the top of each electrode 
to compartmentalize the electrodes. After sealing the cover to the case,  
the cell was activated through the port in the cover and the port is sealed 
with a cap o r  plug. 

A flexible, high temperature KOH 

The advantages of the groove type design a re  - 
1. 

2, 

3.  

4, 

5. 

6 .  

7. 

8. 

that grooved case can be fabricated to close tolerances by 
means of accurate molds, 

that the inorganic separators can be inserted into the grooves 
and sealed in place by an appropriate cement, 

that quality control measures including inspection can be 
performed on each component pr ior  to the assembly, 

that positive electrode compartmentalization and separator 
sealing can be accomplished, 

that reproducibility of the inorganic separators,  electrodes, 
cases  and terminal-cover assemblies can be assured, 

that separators and electrodes are firmly positioned within 
the cell case thereby providing adequate protection against 
mechanical environments 

that the design permits simple and adequate activation proce- 
dures,  and 

that basically all, materials used in this design are within the 
present state-of-the-art and a r e  available f rom industry. 

A modification of this design improving the assembly and 
inspection methods was proposed by the Project Officer. The modification 
provided a grooved frarne consisting of two sides and a base into which the 
inorganic separators were inserted and sealed in  place, thereby providing 
a positive means of quality control testing and inspection. The electrodes 
were then inserted between the separators followed by an additional inspec- 
tion. 
serted into the cell case and cemented to the inside mating surfaces of the 
cell case. 
for  the original groove type design. 

The three-sided separator-electrode frame assembly was then in- 

The remaining assembly procedures a r e  the same as described 
Figure 2 shows this design concept. 

A model multiplate cell  incorporating this design was fabri- 
cated for verification of the assembly advantagese 
separators in the grooves of the bottom and side plastic pieces, the elec- 
trodes were inserted and the electrode pack assembly was inserted into a 
smooth-wall case and the cover was finally cemented to the case, There 
was no difficulty in the assembly of this design. 

After cementing the 

5 
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The detailed assembly procedure was as follows: 

1. 

2. 

3. 

4. 

5. 

6 .  

Cell Case - The case walls and bottom a r e  sealed together on a 
mandrel. Chloroform or  a 10 
to 20% PPO solution in chloroform was used as the cement. The 
case assembly is dried at room temperature under light pres-  
sure. 
to 7OoC to eliminate solvent traces.  
tested for gas leakage at 5 psi pressure and for KOH leakage by 
filling the case with 4570 KOH and letting i t  stand for 24 hours at  
100OC. 
t e s t s without leaking. 

Frame - The frame consists of three parts - two sides and one 
bottom. The three parts have aligned grooves. The separators 
a r e  assembled by cementing them into the frame grooves. The 
spacings between separators a re  then checked with feeler gages 
to insure ease of electrode insertion. 

Cover - The terminals a r e  assernbled to the cover with Shell 
Resin 901/B-3 which has proven to be leak proof at  temperatures 
ranging from -3OOC to 15OOC. 

Plates - The electrode plates a re  fabricated with the connector 
tabs cut to length and punched at  the proper locationfor attachment 
to the terminal base. Positive plates a re  prepared from Handy 
and Harmon Silpowder 130. Negative plates a re  prepared from 
a mixture of 9870 ZnO and 270 HgO and a re  wrapped in KT paper 
approximately 20 mils thick. 

The case material used is PPO. 

After a i r  drying, the assembly is baked in an oven at  60 
The assembled case i s  then 

The case assembly is accepted for use if it passes these 

- The plates a re  then slipped into their respective 
The positive plates a re  wrapped in a "U" of absorbent cavities. 

material that serves  as-an electrolyte-fetainer. 
connector tabs a r e  attached to the cell terminals. Finally, the 
entire assembly is inserted in the case and the cover is sealed 
in place. 

- Valve - A valve is used as a means of sealing the cell temporarily 
until more data a re  obtained on gassing characteristics and the 
magnitude of pressure build up encountered during operation at 
25O and 100°C;. 

The punched 

The modified groove design was used during the early prelimi- 
nary multiplate cell design evaluation portion of the program (Section 2. 2. 1.5).  
However, due to dimensional instability of the frame materials during cycle 
testing a modified frame design was adapted. 
Section 2. 1.3. 

This design is discussed in 

2. 1. 1 Molded Cases  

To expedite the work on this contract, a survey of 
existing molds which might be available from several  battery manufacturers 

7 
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was made. 
of the fabricated cases described above. 
molded from P P O  were ordered. 

A case was selected that closely approximated the dimensions 
One hundred of these cell cases 

These cases were approximately the same size as the 
cemented case assemblies, except for their height which was cut down to 
the desired size. 
only 0 . 0 6 2  inch. 
plate cell, because the side walls bulged appreciably at  2-0 psi internal 
pressure. 
technology and for electrical testing of unsealed cells. 
of gassing rates and other tests,  the wall thickness required for these cells 
was established and thicker-walled cell cases were then obtained for 
mechanical testing. 
this report. 

The first molded cases obtained had a wall thickness of 
This was found to be too thin for the 5 ampere-hour multi- 

They were suitable, however, for use in developing the assembly 
Based on studies 

This work is discussed in detail in Section 2 . 2 . 3  of 

2.1.2 Plastic Frames  

Two types of separator holding frames were investi- 
gated. These a re  identified as  Type E and Type E'. 

Type E frames were grooved to provide for four 
positive and five negative electrodes. 
positive and four negative electrode plates. 

Type E'  frames a re  grooved for five 

Because the molded cases were slightly larger than 
those assembled by cementing together machined parts,  the groove depth 
and frame thickness could both be increased slightly to increase the mechan- 
ical stability of the separator-frame assembly. 
allowed the inorganic separator to be inserted more deeply into the frames, 
which was also an advantage. 
frames and prevented leakage around the separator through the grooves 
which could cause shorting. 

Deepening the frame grooves 

This improved sealing the separators to the 

2. 1. 3 Modified Frame Design 

Although the rigid frame design proved to be satis- 
factory for use in Task I1 of this program for evaluating cell components, 
problems of dimensional instability of the frame materials were encountered 
at  100°C in contact with KOH. The resulting frame warpage caused leakage 
around the separators or  separator cracking, depending on the nature of the 
sealant, resulting in interelectrode shorting. Accordingly, the original , 

frame design was modified a s  shown in Figures 3 and 4. 

This design i s  comprised of negative electrode com- 
partment subassemblies assembled from two Astroset separators using 
epoxy cement and special Teflon tape frames. 
cemented to the top of each assembly to assure interelectrode separation 
and to prevent zinc bridging. 
design adopted, and later used in the Task I11 cells in  this program.- 

A Teflon tape collar is 

Figures 5 and 6 a re  photographs of the final 

8 



Teflon 
Collar \ 
1 

'7' Modified F rame 
Teflon Seal 

(With Sealant 
Between 

Separators) 

C onnec to r W i res 
Welded To  Grid 

ctor 
Connector 1 

I 

+Sealant 

I 
Modified Frame 
Teflon Seal 
(With Sealant 
Between 
Sepa rat0 r s) 

S e  pa rato r s 7- 

Figure 3. Negative Compartment 
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Figure 4. 5 Ah Multiplate Cell and Hardware 

10 



Figure 5. 5 Ah Cell Components Prior to 
As s e mbly 
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Figure 6 ,  5 Ah Multiplate Cell  Assembly 
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Thirty-five 5 ampere-hour cells, fabricated in accord- 
ance with this modified frame design, were cycle tested a s  described in 
detail in Section 2 . 3  of this report. 
at  25OC at 20 mA/cm2 on a 1/2-hour, 1-hour discharge-ch’arge regime; 2036 
cycles at  30 mA/cm2 at 25OC on the same regime, and 591 cycles at 30 mA/ 
cm2 at 100°C. 
silver-zinc cells presently available. 

These cells a r e  capable of 2458 cycles 

This performance is substantially better than that of any 

Ten cells of the same design were also fabricated and 
delivered to NASA-Lewis as  required by the contract. 

13 



2.2  Task 11 - Fabrication, Testing and Evaluation of 
Cell Components 

The objective of Task I1 was to fabricate the various cell com- 
ponents in accordance with the cell  design established in Task I and to test  
and evaluate them in accelerated screening tests. These tests were run in  
test  cell fixtures similar to those used during the initial work on this battery 
under Contract NAS 3-6007. The tests were run in  a secondary mode using 
140 cycles as a cut-off on a 1/2-hr, 1-hr cycle regime at 100°C. The ma- 
terials and components were also tested for use at 15OoC in a caustic atmos- 
phere. 
corporated into 5 ampere-hour cells. 

Each component was developed to the point where it could be in- 

2 . 2 . 1  Electrodes 

The electrodes used in Task I1 were selected from 
those tested in  the previous contract (Reference 1) which demonstrated 
satisfactory operation in  test cells on a 1/2 x 1/2 hr cycle regime at 20 to 
30 ma/cm2 at 100OC. They were designed to insure intimate contact with 
the current collector and easy assembly into the cell. 

The electrodes selected for evaluation were submitted 

Tests were also made to evaluate methods of attaching the terminal 
to screening tests which included cycle testing at room temperature and 
100°C. 
connector to the current collector followed by thermal degradation tests at 
15OoC for  100 hours to determine the stability of the electrodes in  KOH. 
Optimization of the electrodes for 15OoC operation was outside the scope of 
this contract. 

Test electrodes were cycle tested at  25OC and 100°C 
on a 1/2-hour, 1-hour regime at various current densities using 140 cycles 
as the cut-off criterion. 

After selecting the electrodes for the Task I11 cells, 
the fabrication techniques and assembly methods used were reviewed by the 
NASA Project Officer and approved. 

2.2. 1. 1 Electrode Fabrication 

Electrode fabrication was covered by 
process specifications requiring rigid quality control and insuring repro- 
ducibility. These electrodes were pressed in a die to the specified thick- 
ness and controlled to f0. 001 inch. 
in these evaluations. 
f 2.5%. 
silver metal current collectors with a silver s t r ip  spot-welded to the grid. 
Dimensions of the grid location of the terminal connector a re  specified. 
Initially, the positive plates used 50% silver, 50% silver I oxide as the 
active material, and the negative plates incorporated polyvinyl alcohol as  
a binder. 

Figure 7 shows typical electrodes used 
The weight of these electrodes was controlled to 

Early electrodes used in  Task I1 were fabricated using expanded 

Howevel .- the f i n a l  formulation of these electrodes was: 

14 



1. Positive 

2. Negative 

Figure 7. Multiplate Electrode and Separator Assembly 
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Positive: 100% silver powders pres  sed and sintered. 

Negative: 98% zinc oxide, 270 Hg8 with KT paper pressed into 
both sides of the electrode. 

2 . 2 . 1 . 2  Tests 

A. Thermal Degradation of Electrodes 

Silver and zinc electrodes were sub- 
mitted to 35% KOH for  100 hours at 100% to determine their mechanical 
stability. See Figures 8, 9 and 10, Silver electrodes were unaffected 
mechanically by this test, The following types of zinc electrodes were 
tested: 

a. 

b. 

C. 

de 

e. 

Unsupported elec trode: Standard fo rmulation 
9870 ZnO and 270 HgO 
More than 6Q% of the material disappeared 

Same electrode (a) supported on both sides by KT paper. 
Less than 15% was corroded, 

Same electrode (a) supported on both sides by Asbestos. 
More than 60% of the active material  disappeared. 

Same electrode (a) supported on both sides by nylon felt. 
5070 corroded. 

Electroplated sponge zinc (commercial) with copper support. 
Completely corroded, except for  copper. 

Based 0x1 these findings, Type "b" 
electrodes described above were selected for use in  test  cell cycle tests in 
Task II and fo r  the multiplate cells during the la t ter  par t  of this program. 
Silver plates made from pressed silver powder followed by sintering were 
also selected for use in  these tests,  

A set  of 30 cells were manufactured 
under strict specifications to determine their  capability under s ix  sets of 
conditions (five cells per  variation): 

A new case for  single electrode testing was designed and fabricated (see 
Figure 11).  This cell  consists of a grooved, 3-sided frame which can hold 
one o r  two separators,  so that cells could be tested having either one 
positive electrode and one negative electrode or one positive electrode and 



Figure 8. Silver Electrodps After Thermal Degradation Test 
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1. 

2. Zinc Electrode Pellon Support 

3. 

4. Zinc Electrode Asbestos NSM 

Zinc Electrode Potassium Titanate NSM 

Sintered Silver Electrode N o  NSM 

Figure 9.  Electrodes Before Thermal Degradation Test 
(NSM = Network Support Material) 
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1. Zinc Electrode, Potassium Titanate NSM 
2. Zinc Electrode, Pellon Support 
3 .  Sintered Silver Electrode, No NSM 
4. Zinc Electrode, Asbestos NSM 

Figure 10. Electrodes After Thermal Degradation Test 
(NSM = Network Support Material) 
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Figure 11.  Single-Electrode Test Case 
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two negative electrodes. 
ment of the electrodes toward the multiplate configuration. 

This approach guided the electrochemical develop- 

Typical test  results obtained with the 
single compartment test  cells a r e  summarized in Table I. 
encompass 57 test  cells, the majority of which successfully completed the 
required 140 cycles at both 25OC and 100OC. 

These results 

Table 11 provides a description, in- 
cluding chse material and electrode formulations, of single compartment 
test  cells assembled for  the various tests planned. 
were not placed on cycle test due to unsatisfactory performance during cell 
formation. These 14 test  cells were assembled without Network Support 
Material (NSM) in  the zinc electrode to determine the effect on cell per- 
formance in the new configuration. The results clearly demonstrate that 
the use of NSM is essential to satisfactory cell operation. 

Fourteen test  cells 

The electrode test  cell results shown 
in Table I indicate that 19 cells completed the required 140 cycles a t  25OC 
and 18 cells completed 140 cycles at  100OC. 
Test Cell No. ESC-0077 completed 125 cycles at 100QC after which i ts  
capacity began to decline. Upon disassembly of the cell,  i t  was found that 
the zinc electrode had expanded excessively within the electrode compart- 
ment and had broken the separator. 

These cycle tests were run on 

Test Cell No. ESC-0046, ESC-0069, 
ESC-0073 and ESC-0098 completed 140 cycles at  100°C on a 30-minute dis- 
charge at 35 ma/cm2 current density and a 60-minute charge at  19 ma/cm2 
current density cycle. Figure 12 shows charge-discharge curves at 100°C 
for  the 100th and 140th cycles on Test Cell No. ESC-0046. Four test cells 
also completed 140 cycles at  room temperature on the sam.e test schedule. 
Test Cell No. ESC-0091 completed 116 cycles at 100°C when i t  was re-  
moved from test for the reason given for Test Cell No. ESC-0077. 

Test  Cell No. ESC-0078 completed 
129 cycles at  100°C. Figure 13 shows the voltage curves for the 25th and 
100th cycles. 
density and 27 rna/crn2 charging current density on a 1/2-hour discharge, 
one-hour charge test schedule. The first and 50th cycle charge-discharge 
curves for Test Cell No. ESC-0045 at  100°C are shown in Figure 14. The 
test  schedule was the s m e  as for Test  Cell No, ESC-0078. After 56cycles 
were completed at  this current density, cell case leakage dexleloped and the 
tes t  was stopped. Two additional test cells which were cycled at 50 ma/cm2 
discharge current density at lOOOC completed 70 and 83 cycles before the 
tests were discontinued; these were Test Cells Nos. ESC-0089 and ESC- 
0099. 

This test  cell was cycled at 50 ma/cm2 discharge current 
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TABLE I 

T e s t  
Cell  No. 

ESC -00 16 

ESC-0018 

ESC - 00 1 9 

ESC -0020 

ESC - 002 3 

ESC -002 7 

ESC -0033 

ESC-0037 

ESC -00 39 

ESC -0043 

ESC -005 1 

ESC-0056 

ESC -005 7 

ESC -0064 

ESC-0065 

ESC -00 7 1 

ESC -0074 

ESC-0075 
ESC - 0076 
ESC -0026 

ESC -002 8 

ESC -0030 

ESC-0032 

ESC-0034 

ESC - 0035 

ESC-0038 

ESC -0040 

ESC-0042 

ESC-0047 

22 

T e s t  
Temp.  

25OC 

25OC 

25 OC 

25OC 

25OC 

25OC 

25OC 

25OC 

25OC 

25 OC 

25OC 

25OC 

25OC 

25OC 

25OC 

25OC 

25OC 

25OC 
25OC 

l0O0C 

l0O0C 

l0O0C 

l0O0C 

l0O0C 

l0O0C 

l0O0C 

l0O0C 

l0O0C 

l0O0C 

ELECTRODE TEST CELL CYCLE TEST RESULTS, 
REGIh4.E: J / 2  HOUR DISCHARGF/l HO-UR CHARGE 

Cur ren t  Density 
Dischar  e Charge 
( m a / c m  4 (ma /cm2)  

20 

20 

20 

20 

20 

20  

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 
20 
20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

14 

14 

14 

14 

14 

14 

14 

14 

14 

14 

14 

14 

14 

14 

14 

14 

14 

14 

14 
14 

14 

14 

14 

14 

14 

14 

14 

14 

14 

Number of 
Cycles 

Completed 

140 

140 

140 

140 

140 

140 

140 

140 

140 

140 

140 

140 

140 

140 

140 

140 

140 

140 

140 

140 

140 

140 

140 

140 

140 

140 

140 

140 

140 

Remarks  

Completed Cycle T e s t  

Completed Cycle T e s t  

Completed Cycle T e s t  

Completed Cycle T e s t  

Completed Cycle T e s t  

Completed Cycle T e s t  

Completed Cycle T e s t  

Completed Cycle T e s t  

Completed Cycle T e s t  

Completed Cycle T e s t  

Completed Cycle T e s t  

Completed Cycle T e s t  

Completed Cycle T e s t  

Completed Cycle T e s t  

Completed Cycle T e s t  

Completed Cycle T e s t  

Completed Cycle T e s t  

Completed Cycle T e s t  

Completed Cycle T e s t  
Completed Cycle T e s t  

Completed Cycle T e s t  

Completed Cycle T e s t  

Completed Cycle T e s t  

Completed Cycle T e s t  

Completed Cycle T e s t  

Completed Cycle T e s t  

Completed Cycle Tes t  

Completed Cycle T e s t  

Completed Cycle T e s t  

(Continued) 



TABLE I (continued) 

Test 
Cell No. 

ESC -0049 

ESC -0060 
ESC-0062 

ESC-0063 

ESC-0066 

ESC-0067 

ESC - 00 68 

ESC-0077 

ESC -0082 

ESC -008 1 

ESC-0084 
ESC -0092 

ESC -0 105 

ESC -0046 

ESC-0069 
ESC -0073 
ESC-009 1 

ESC -0098 

ESC-0083 
ESC -0090 

ESC -0094 

ESC -0097 
ESC -0 102 

ESC-0045 

ELECTRODE TEST CELL CYCLE TEST RESULTS, 
REGIME: 1 /2  HOUR DISCHARGE/l HOUR CHARGE 

Tes t  
Temp. 

l0O0C 

l0O0C 

l0O0C 

l0O0C 

l0O0C 

l0O0C 

l0O0C 

1 OOOC 
l0O0C 

25OC 

25OC 

25OC 

25OC 

l0O0C 
l0O0C 

l0O0C 

l0O0C 

lQO°C 

25OC 

25OC 

25OC 

25OC 
25OC 

l0O0C 

Current Density 
Dischar e Charge 
( m a / c m  5 (ma/cm2) 

20 14 

20 14 
20 14 

20 14 

20 14 

20 14 

20 14 

20 14 

20 14 

35 19 

35 19 
35 19 

35 19 

35 19 

35 19 
35 19 

35 19 
35 19 

50 27 
50 27 

50 27 

50 27 

50 27 

50 27 

Number of 
Cycles 

Completed 

140 

140 

140 

140 

140 

140 

140 

125 

140 

140 
140 
140 

140 

140 
140 

140 
116 

140 

140 

91 
140 
140 

140 

56 

Remarks 

Completed Cycle Tes t  

Completed Cycle T e s t  

Completed Cycle T e s t  

Completed Cycle Test  

Completed Cycle Tes t  

Completed Cycle Tes t  

Completed Cycle Tes t  

Zinc electrode expanded 

Completed Cycle Tes t  

Completed Cycle Tes t  

Completed Cycle Tes t  
Completed Cycle Tes t  

Completed Cycle Test  

Connpleted Cycle Tes t  

Completed Cycle Tes t  

Completed Cycle Tes t  
Zinc electrode expanded 

Completed Cycle Tes t  

Completed Cycle Tes t  

Zinc electrode expanded 
Completed Cycle Tes t  

Completed Cycle Tes t  

Completed Cycle Tes t  

Electrodes dried out 
due to case leakage. 
Zinc electrode pas- 
sivated - dark blue color. 
Separator and silver 
electrodes appear satis-  
factory. 

'% 

(Continued) 
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TABLE I (continued) 

ELECTRODE TEST CELL CYCLE TEST RESULTS, 
REGIME: 1 /2  HOUR DISCHARGE/l HOUR CHARGE 

Current Density Number of 

5 Remarks Cell No. Temp. (ma/cm ) (ma/cm2) Completed 
Test Dischar e Charge Cycles Test 

ESC-0078 100°C 50 2 7  129 Zinc electrode expanded 
ESC-0079 100°C 50 2 7  29 Zinc electrode expanded 
ESC-0089 100°C 50 2 7  70 Zinc electrode terminal 

ESC-0099 100°C 50 2 7  83 Zinc electrode expanded 
wire  became loose 
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Four tes t  cells, ESC-0083, ESC-0094, 
ESC-0097 and ESC-0102, completed 140 cycles at 25OC at a discharge cur- 
rent density of 50 ma/cm2 and a charge current density of 27 ma/cm2 on a 
30-minute discharge, 60-minute charge test  schedule. 
voltage curves for  the 20th and 100th cycles for  Test Cell No, ESC-0083 at  
25OC and 50 ma/cm2 discharge current density. 

Figure 15 shows the 

These cycle tes t  data on single test 
cells indicated that the 140-cycle cutoff requirement specified in the work 
statement was readily obtained on cells at both 100°C and 25OC a t  a dis- 
charge current density of 20 ma/cm2. 

Table 111 summarizes the cycle test 
results for a number of two-plate test  cells cycled at 100°C and 25OC at 
discharge current densities of 20 ma/cm2 and 40 ma/cm2. At room tem- 
perature, four cells completed the required 140 cycles on a 30-minute 
discharge and 60-minute charge cycle tes t  schedule at 20 ma/cm2. These 
were Test Cell Nos. ESC-0112, ESC-0013, ESC-0121, and ESC-0127. 
During assembly of Test Cell No. ESC-0114 the separator was apparently 
broken, as was evidenced when the cell  was disassembled following the 
completion of 23 cycles. 
completed 140 cycles on the same cycle test schedule a t  100°C. Three 
additional test  cells (ESC-0122, ESC-0126 and ESC-0135) had completed 
more than 100 cycles a t  100°C and 20 ma/cm2 discharge current density 
when they lost capacity due to the depletion of active material in the zinc 
elect rodeo 

Test Cell Nos. ESC-0128 and ESC-0137 also 

Several test  cells (ESC-0018, ESC- 
0140 and ESC-0142), cycled at  25OC at a discharge current density of 40 
ma/cm2 on a 30-minute discharge and a 60-minute charge test  schedule, 
completed the required 140 cycles. Test Cell No. ESC-OB32 completed 
134 cycles, Cell Nos. ESC-0135 and ESC-0138 completed 100 cycles a t  
100°C and 40 ma/cm2 discharge current density. 

A number of two-plate test cells 
cycled at 100°C and 25OC at discharge current densities of 40 ma/cm2 and 
at 20 ma/cm2 did not complete 140 cycles. Test Cell No. ESC-0132 com- 
pleted 134 cycles and Test Cell Nos. ESC-0134 and ESC-0138 completed 
100 cycles at 100°C and 40 ma/cm2 discharge current density. 

These cells were tested in half-case 
assemblies in which electrode cavities were deeper than the thickness of 
the positive and negative plates. 
around the zinc electrode, slumping and expansion of the electrode resulted 
during cycling. 
i t  to bow because of the space available behind it in  the positive compart- 
ment. 
where the positive electrode is held firmly between the two separators with 

Because of the excessive space available 

This expansion exerted pressure on the separator causing 

The problem was overcome in the new three-electrode test cases 
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one zinc electrode on either side. Because all components f i t  together in 
a tight pack, lateral movement was precluded and zinc electrode changes 
we re  minimized. 

Experimental results showed that the 
cycle performance of the new three-plate cell design was considerably 
better than that of the two-plate cell  design. 
for the three-plate test cell  was 'lBI1, i. e., ESC-B-000. 

The cell  identification number 

Table IV is a summary of the three- 
plate test  cells cycled at 100°C and 25OC on a 1/2-hour discharge and a 1- 
hour charge schedule at discharge current densities of 20 ma/cm2 and 40 
ma/cm2. 
25OC and 20 ma/cm2 discharge current density. 
cells were permitted to continue cycling and exceeded 400 cycles. 
Cell No. ESC-B-139 completed more than 700 cycles under the same test  
conditions. These cells were assembled in  molded C- 11 polystyrene cell  
cases. A Lucite shim was used in these cel l  assemblies to provide elec- 
trode cavities of the same dimensions as used in the Lueite and P P O  cell  
cases  fabricated in the machine shop. 

Ten of these test  cells  completed the required 140 cycles at 
Several of these new test 

Test 

Test Cell Nos. ESC-B-157, ESC-B- 
158, ESC-B-159, and ESC-B-160 completed the required 140 cycles a t  
100°C and 20 ma/cm2 discharge current density indicating that the three- 
plate test  cell  design can meet the 140 cycle requirement at both 100°C and 
25OC at a discharge current of 20 ma/cm2 and a charge current density of 
12 ma/cm2. 

Based upon the attainment of 140 
cycles at both 100°C and 25OC at 20 ma/cm2 discharge current density, 
another group of tes t  cells  was placed on cycle test at 25O and 10(ao6 at 30 
ma/cm2 discharge current  density. 
Table IV. 

These test results are shown i n  

Table V shows electrode construction 
and formulation for all tes t  cells  of the new configuration (one positive and 
two negative electrodes and two inorganic separators).  The,positive elec- 
trode formulation was identical for all cells but several  different methods 
were used in applying the network support material in  the negative electrode. 
The electrode current collectors and tabs were of the same design i n  all 
cells 

2.2. 1.3 Cycle Tests  

Tables VI, VI1 and VI11 show a complete 
survey of all tes ts  run to dateon the single electrode cell  (ESC-designation) 
having one positive electrode, two negative electrodes and two separators,  

The tables show the difficulty in reaching 
a large numberof cycles at current  densities higher than 30 ma/cm2 on the 
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TABLE IV 

CYCLE TEST RESULTS 
E__LECTRODE TEST CELL CONFKURATJON - ONE POSrTTVE AND T W O  NEGATlVES 

NOTE Cycle Test  Regime: 30-Minute Discharge and 60-Minute Charge 

Test  
Cell No. 

ESB-B-157 
ESC-B-158 
ESC-B-159 
ESC - B -1 60 
ESC-B-166 

ESC -B -167 

ESC-B-168 
ESC-B-169 
ESC-B-170 
ESC-B-171 
ES C - B - 1 7 5 
ESC-B-176 
ESC-B-177 

ESC ~ B -1 8 1 
ESC -B-184 
ESC-B-185 
ESC-B-186 
ESC-B-187 

ESC -B -139 
ESC -B-144 
ESC-B-145 
ESC-B -146 
ESC-B-147 
ESC-B-148 
ESC-B-149 
ESC-B-150 
ESC-B-15 1 
ESC-B-152 

ESC -B -165 
ESC -B -172 
ESC -B -17 3 
ESC -B-174 
ESC -B -17 8 
ESC -B-17 9 
ESC-B-180 

ESC-B-253 
ESC-B-154 
ESC -B -1 55 
ESC -B-15 6 
ESC -B -16 1 
ESC-B-163 

Cycle 
Tes t  Temp. 

100% I 
1C ’C 

g. 

Cur ren t  Density Number of 
Dischar e Charge Cycles Successfully 
( m a / c m  5 ) (ma/cm2)  Completed 

140 
140 
140 
140 
28 

30 

I 50 
43 
37 
21  
1 8  
1 8  
1 2  

28 
35 
34 
69 
34 

1 T 22 

51 
52 
70 
79 
67 

24 
69 

12 1 
83 
66 
34 

Remarks  

Note 1 (Table 111) 

Silver 1 1  Electrode Swelled 

and cracked  separator  
Loose Electrode/Separator 
frame 

to accidental overheating 

Ceil  Dried Out 
Possible Short 
Loose Electrode /Separate r 
F r a m e  Possible Short  
Frame Possible Short 
Loose Elec t rode/Separator  

Cell  r eve r sed”  
Broken lead to zinc electrode 
Cel l  Dried Out 
Cell  reversed*  
Cel l  Dried Out 
Cel l  Reversed* 

frame 

*Cycle tes t  t imer  failure 
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TABLE V 

ELECTRODE TEST CELL CONSTRUCTION - ONE POSITIVE AND TWO NEGATIVES 

Test Case 
Cell Number Material 

ESC-B-144 
ESC-B-145 
ESC -B-146 
ESC-B-147 
ESC -B-148 
ESC -B -149 

ESC -B -150 
ESC-B-151 
ESC - B -1 52 
ESC-B-153 
ESC -B -154 
ESC -B -155 
ESC-B-156 
ESC -B-157 
ESC -B -158 
ESC -B -159 
ESC - B -1 60 
ESC -B -161 
ESC-B-162 
ESC - B -1 63 
ESC -B-164 
ESC -B -165 
ESC - B -1 66 
ESC -B-167 
ESC-B-168 
ESC-B-169 
ESC -B-170 
ESC-B-171 
ESC -B -17 2 
ESC-B-173 
ESC-B-174 
ESC - B -17 5 
ESC -B -17 6 
ESC -B -177 
ESC-B-178 
ESC - B -17 9 
ESC -B -180 
ESC -B-181 
ESC-B-182 
ESC-B-183 
ESC -B -184 
ESC - B -185 
ESC -B-186 
ESC-B-187 

Lu 

LC 
PI 

P I  

ite 

ite 
) 

) 
Lucite 

Luc ite + 
pT 
PPO 
Lucite 
Lucite 

PPO 

Positive 
Formulation Negative Formulation 

KT Paper  
u- 10% 

X 
X 

X 

X 
X 

X 

X 
X 
X 

X 

X 

X 

X 

X 
X 

X 

X 

X 

X 

X 

X 

X 
X 
X 

X 

X 

X 
X 
X 
X 
X 
X 

X 

X 

X 

X 
X 

X 

ZnO 
% 

98 
98 
98 
98 
98 
98 

98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 

HgO 
% 

2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

Wrap Fibres  Other Comments 

X Collector 
-Pellon (All Cells): 
U- Ag EXMET 

X Wrap .*3Ag-10-3/0 
X 

X 

X 

X 

X 

X 
X 
X 

X 

X 
X 

X 
X 

x "  
X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 
X 
X 

X 

X 

X 

X 

X 

X 

X 

X 

Lead (All 
Cells): 
Ag tab 1/4" 
x . 006" 
Tab spot 
welded to 
grid lrbr all 
elect rode s 

Asbes- 
tos u- 
Wrap 
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Rate 
(mA) 

700 

\ 

1000 

V - - - - . 

Discha 
C u r  rent 
Density 

(mAIcm2) 

20 

V 

- . - 

30 

V 

TABLE VI 

CYCLING TESTS AT 25OC 
(ESC-B CELLS, 1 /2  x 1 HR REGIME) 

- 

Cell  
No. 

139 
144 

145 

146 

147 

148 

149 

150 

151 

152 

- 

- 
172 

173 

174" 

178 

179 
180" 

188 

189 

190 

191 

- 208 
153 

154 

155 

156 

162 

163 

164 

165 

200 

202 

I Number Original 
Capacity 
Qo (Ah) 

1.8 

1.7 

1.7 

2.2 

2.1 

2.1 

2.1 

2.1 

2.2 

2.2 

Depth of 
Discharge 
(% of Q,) 

19 
21 

21  

16 
17 

17 

17 

17 

16 
16 

Testing 
Stopped 

Lc 
Lc 
LC 
Lc 
Lc 
LC 

LC 

Lc 

Dis sec tior 
Comments 

a 

a 

622 

413 

276 

140 
402 

227 

483 

340 

3 14 

388 

NR 

NR 

23 

50 

167 

56 

75 

91 
108 

110 

136 

134 

- 166- 
24 

66 

87 

81 
4 

15 

12 

21 

106 

2 13 

Lc 
Lc 
LC 

LC 

LC 

Lc 

1.7 

1.8 

1.9 

2.2 

2.1 

1.7 

2 .2  

2.3 

2.3 

2.3 

1.6 
2.0 

2.3 

2.2 

2 .3  

1.9 

1.9 
1.8 

1.8 

1.3 

1.3 ' 

I 

29 
28 

26 

23 

24 

29 
23 

22 

22 

22 

31 
35 

30 

32 

30 

37 

37 

39 

39 
54 

54 

d 
NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

Lc 
LC 

Lc 
LC 

LC 

1 0 

60 

69 

42 

95 

NR 

NR 

Lc = low capacity: t es t  was stoppedbecause capacity of ce l l  was smaller than capacity required 

NR t e s t  continuing on new regime because capacity of ce l l  was smaller than capacity required 

a = ce l l  d r ied  out 
b = case  leakage 
c = broken lead 
d = loose f rame 
:: 

by regime 

by original regime (See Table VIII) 

= cycling period = 112 1 2-112 hrs 

42 



TABLE VII 

CYCLING TESTS AT 100°C 
(ESC-B CELLS, 1/2 x 1 HR REGIME) 

- 

Cell  
No. 

157 

158 

159 
160 

166 

167 

196 
20 1 

- 

168 

169 
170 

171 

175 

176 

18 1 

184 

185 

186 

187 

197 

203 

209 
215 

216 

226 

228 

- 

198 
2 14 

217 

2 18 

225 

227 

219 
- 
- 

0 riginal 
Capacity 
Q, (Ah) 

2.1 

2.1 

2.1 

2.1 

1.9 

1.9 

2.2 

1.3 

2.5 

2.5 

2.5 

2.6 

1.3 

1.9 

2.2 

2.1 

2.1 

1.7 

2.2 

2.0 

1.3 

1.6 

1.3 

1.7 

1 ,6  

1.5 

2.1 

1.3 

1.7 

1.6 

1.6 

1.6 

1.6 
- 
1800 
- 

Dischar 
Current  
Density 

(mA / cm2) 

50 

Depth of 
Discharge 
(% of a,) 

17 
17 

17 

17 

18 

18 

16 

27 

20 

20 

20 

19 
38 

26 

23 

24 

24 

29 
23 

25 

38 

31 

38 

29 
31 

33 

33 

54 

41 

44 

44 

44 

56 

Number 
of 

Cycles 

181 

253 

222 

179 

29 
35 

50 

192 

43 

120 

38 

18 

44 

19 
28 

82 

48 

74 

77 

48 

63 

14 

78 

30 

70 

100 

69 
13 

6 

28 

54 

32 

3 

Testing 
Continued 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

Testing 
Stopped 

LG 
Lc 
Lc 
LC 

Lc 
Lc 

LC 

LC 

LG 
LC 
LC 

Lc 

LC 

LC 

LC 

LC 

LC 

LC 

LC 

LC 

LC 

LC 

LC 

Dissection 
Comments 

a 

a 

d 

d 

Lc = low capacity: t e s t  was stopped because capacity of ce l l  was sma l l e r  than capacity required 

NR = t e s t  continuing on new regime because capacity of cel l  was sma l l e r  than capacity required 

a = cel l  dr ied out 
b = case  leakage 
c = broken lead 

by regime 

by original regime (See Table VIII) 
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c 

TABLE VI11 

CYCLING ON NEW REGIME AT 25OC (1 /2  / 1/2 HR) 

-- 

Cell  
No 

188 

189 
190 

191 

139 
152 

20 8 

205 

200 

202 

155 

163 

165 

2 12 

196 

209 
226 

217 

228 

2 14 

2 15 

216 

2 19 

218 

1 

le (NRI I Previous History 
Number 

New Reg, 
Depth of 

Discharge 
(% of Qo) 

7 

7 
7 

7 

8 

9 
9 

10 

12 

12 

'-1 Straight 
Cumulative 

0 riginal 
Capacity 
Qo (Ah) 

2.2 

2.3 

2 .3  

2.3 

1.8 

2.2 

1.6 

1.5 

1 .3  

1.3 

2.2 

1.9 
1.8 

Depth of 
Disc ha r ge 
(70 of Q,) 

23 

22 

22 

22 

19 
16 
31 

60 

54  

54 

32 

37 

39 

of 
Cycles 

108 

110 
136 

134 

622 

388 

166 

42 

106 

213 

87 

15 

21 

Cycles 1 Cycles 
I 

12 

95 
133 

932 
1507 

147 

404 

1104 

83 

89 5 

120 

205 

269 
1066 

2 129 

5 35 

570 

1146 

189 
1108 

23 

26 

28 

1.3 69 95 38 

I CYCLING ON NEW REGIME AT 100°C 

50 

14 

70 

6 

100 

13 

78 

2 ,2  

1 ,6  
1.6 

1.7 

1.5 

1.3 

1.3 

16 

31 

31 

41 

33 

54 

38 

7 

9 

9 

9 
10 

12 

12 

1 51  

15 1 165 

2 72 

87 93 
125 225 

116 -129 

176 254 

66 96 
71 74 

25 53  

1 .7  

1.6 
29 
56 

30 

3 

21 

22 

1.6 44 28 31 
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1/2-hour discharge, 1-hour charge cycling period because of the increasing 
depth of discharge. 

Another difficulty stems from the fact that 
at 100°C the electrolyte is consumed at a rapid rate, whether through evap- 
oration o r  through electrolysis, due to high rate charge and overcharge at 
current densities of 30 ma/cm2 o r  greater. 

Typical charge-discharge curves for  cells 
a t  current densities ranging from 10 ma/cm2 to 50 rna/cm2 at 25OC and 
100°C can be seen in  Figures 16 through 20. 

Depth of discharge is based on actual cell 
capacity (defined as cell capacity on the first cycle at a discharge current 
density of 10 ma/cm2 to a final cutoff .voltage of 1.0 V out of the cell). 
This value is highest on the first cycle run at low rate, at  25OC, after a 
normal charging regime at 3 rna/cm2. These conditions do not usually 
prevail during the course of a cycling test  program, but they do give a 
common reference from which to gauge the actual effect of the depth of 
discharge on cycling. 

Some cells that could not meet the cycling 
capacity requirement after a certain number of cycles were switched to a 
new regime, as shown in Table V I K  

The tes t  cells were capable of supplying a 
The limi- reasonable output over 1-Ah at current densities of 30 ma/cm2. 

tation on cycle-life can be attributed to the high recharge rate. 

If the cells whose premature failure was 
obviously caused by poor mechanical assembly a r e  discounted, the total 
number of cells tested up to 30 ma/cm2 (which seems to be the practical 
limit of current density) is 23 cells at 25OC and 25 cells at 100QC. 

Three of the single-electrode cells which 
were continued on cycle test until failure completed as many as 3123 cycles. 
Test Cell ESC-B-139 was removed from cycle testing after 3123 straight 
cumulative cycles. Analysis of the cell  showed that failure was due to 
separator breakage caused by warpage of the plastic frames. The cell  was 
cycled for 622 cycles at 19% depth of discharge based on the original ca- 
pacity Qo (20 ma/cm2) followed by 2501 cycles at 870 Q, (10 ma/cm2). 

Test  Cell ESC-B-202 completed 1620 
cycles; 212 of these were cycles at 54% Qo (40 ma/cm2) and the other 1408 
cycles were at 11% Qo. Failure was due to capacity loss of the zinc 
electrode. 

Test Cell ESC-b-205 completed 2110 
cycles (42 cycles at 6070 Qo (50 ma/cm2 followed by 2068) cycles a t  11% 
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2 . 5  

2 . 0  

h * 1.5 
0 
> 
Qt 
bo 
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0 

+J 
A 

v 

4 2  4 

> 1.0 

0 . 5  

C 

0 

I 

Charge :  
D i scha rge :  1 . 4  a 

2 s t e p - c h a r g e  = 1 . 3  a t o  2. 10 v; t hen  1.0 a t o  2. 10 v 

C e l l  ESC-B-200 

0 .5  1.0 
Time ( h o u r s )  

1 . 5  

2 
F i g u r e  19. Comple t e  Cycle. 40 ma/cm at 25°C 
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Qo). 
sealant resulting in internal shorting. 

Cell failure was caused by leakage through the separator-frame 

Figure 21 is a photograph showing sepa- 
rator frames removed from test  cells after many cycles. 

The following results were obtained during 
these tests: 

1, 

2. 

3. 

4, 

The practical cycle operating current density appeared 
to be 30 ma/cm2 for these test cells because of the high 
charge rate required by the short  cycle regime. 

The zinc electrodes using KT paper pressed into both 
sides were capable of long cycle life even though some 
electrode changes were noted. 

The zinc electrode must be supported by NSM to prevent 
excessive slumping and other changes that reduce its 
efficiency . 
The silver-zinc test  cells using Astroset inorganic 
separators were capable of long cycle life a t  relatively 
high current densities. 

2.2.1.4 Gassing Tests 

Gassing tests were run to determine the 

This, in turn, would establish the practical limits of the 
extent of gas  evolution under different conditions of stand and cycling at 
25O and 100°C. 
cell  in a sealed condition by computing (and later by actually measuring) 
the pressure  build-up within the confines of the sealed cell. 

The cells were connected to a gas eudio- 
The system was tested for  leakage meter,  each under a specific regime. 

continuously, and the test discontinued when leakage developed (Figure 22). 

The tests were made on dummy cells and 
complete cells. 

A. Dummy Cells 

The dummy cells were cases  containing one o r  more compo- 
nents of the cell  and tested at 100°C on stand in  order  to establish the con- 
tribution of each component to the gassing phenomenon. 
were the following: 

Models tested 

Model #1: Blank Cell containing 3070 KOH alone. Three sepa- 
rate test runs at 100°C showed that the average stabilized figure of gas 
(evolved o r  expanded) after 5 to 8 hours was 20 cm3 within 5%. 
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, 

Figure 21. Inorganic Separators Removed From Test Cells 
No. ESC-B-149 After 495 Cycles (Left) and No. 
ESC-B-151 After 347 Cycles (Right) 

52 



Figure 22. Cell Gassing Experimental Setup 
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Model #2: Separators mounted in  frame and filled with 30% KOH 
also had approximately 20 ~ m 3 ~  
separators is nil. 

It could be concluded that the effect of 

Model #3: 
after formation and full charge. 
two negative electrodes and KOH. 

The positive plate was removed f rom a complete cell  
The case contained only frame, separators,  

Gas evolution was l inear at the rate of 60 cm3 for 28 hours. 

Model #4: The case contained only the frame, separators and 
one fully charged silver plate in  KOH. 

It was established that most of the gas came from the decompo- 
The sition of divalent si lver oxide into monovalent si lver oxide and oxygen. 

gas  evolution is linear first until it reaches a certain equilibrium where 
little gassing occurs. 

The plate was then removed and discharged at room temperature. 
'The open circuit voltage against a freshly charged zinc plate and the re-  
maining capacity showed that all the oxide then present was argenteous. 

Excluding the 20 cm3 due to KOH, most of the gas is oxygen. 
The total amount of gas recorded was 220 cm3 after 22 hours. 

B. Complete Cells 

All  cells were charged and discharged according to standard 
procedure: 

Charge a t  120 ma to 2.05 V 
Discharge at 350 ma to 1.0 V 

All cells were then recharged; after recharging, they were placed on stand 
for 24 hours to remove all accumulated gas, then connected to a gas 
eudiometer. 

1. Stand Tests 

a. Room Temperature (Table IX and Figure 23) 

Cell #ESC-B-204 was left on stand in a relatively iso- 
The accumu- thermic ambient environment fluctuating f rom 22 C to 25 C. 

lated gas volume was approximately 0.25 cc after three days and did not 
exceed 0.30 cc. Volume then remained constant for the remainder of the 
408 hours, indicating capacity retention and a no-short condition. 

It can be concluded that the present electrode-separator 
system is adequate on stand at room temperature in a sealed condition. 
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TABLE IX 

GASSING DATA ON STAND AT 25OC 

Cell  #ESC-B-204 
/ 
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Insignificant pressure build-up in the multiplate cell configuration is 
contemplated. 

b. High Temperature (Table X and Figure 24) 

Fully Charged Cell 

Cell #ESC-B-207 was left on stand in  an  oven 
maintained at 100°C f 2OC after  it reached this temperature. 
show heavy gassing when the temperature reached 100°C. 
perature was dropped to ambient, the gassing rate dropped to an  insignifi- 
cant values but gassing resumed as soon as the temperature was increased. 
The tes t  was discontinued when a leak developed in  the system. 

The data 
When the tem- 

The tes t  was repeated on cell #ESC-B-224. Left 
on stand in  an oven maintained at 100°C f 2OC, after it reached this tem- 
perature. It produced 177 cc in  17 hours up to the point of equilibrium 
(where little gas is added), while the OCV dropped from 1,84 to 1.62. 
figure is slightly lower than the figure given by the charged silver plate 
alone, probably because of some recombination of oxygen with the charged, 
zinc negative electrodes. 

This 

(2) Partially Charged Cell 

Cell #ESC-B-223 was discharged until the upper 
The OCV disappeared (approximately 4070 of the capacity was taken out). 

cell was then submitted to the gassing tes t  at 100°C as above. 

The total gas volume generated up to equilibrium 
was 18 cc after 6 hours,  which is  i n  the same range as the figure obtained 
with KOH alone (Model # l )e  

Based on these results it can be concluded that no 
significant gassing is expected on stand at room temperature, whatever the 
cell state-of-charge is. At 100°C, no gassing will occur as long as the cell  
has the argenteous oxide OCV. 

2. Cycling 

a. Room Temperature (Table XI) 

Cell #ESC-B-206 was cycled on the 1/2-hour discharge, 

The current density on dis- 
1/2-hour charge regime (360 ma/450 ma) with intermittent stand periods. 
Up to 124 cycles were made with little gassing. 
charge was 10 malcm2, and the charge was voltage limited to avoid over- 
charge. This tes t  was repeated at higher current  density to determine the 
limits fo r  practical ope ration without impairing the integrity of the seals,  
At 20 ma/cm2 (cell #220), the total volume collected over 32 cycles was 
0.75 ~ m 3 ~  
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Elapsed 
Time 

(hours) 

0.0 

0 .5  

1 .0  

1. 25 

1.75 

2. 50 

4.75 

7. 50  

2 3 . 5 0  

2 9 . 2 5  

3 0 - 5 0  

31. 0 

31. 75 

32. 0 

103.0  

103. 90 

105.0 

106.0 

107.5  

TABLE X 

GASSING DATA ON STAND AT 100°C 

Cell #EX-B-207 

1 Accumulated 
Temp. Gas Volume 

2 4  

55 

73 

8 4  

93 

- 
0.5  

2 . 6  

4 . 1  

5 . 9  

Note 

Oven on: Temperature 
Rising 

Temperature Maintained 

Oven Off 

Temperature Dropping 
and Maintained at  25OC 

Oven on: Temperature 
Rising 

Case leaking 
(Test  Stopped) 
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Figure 24. Total Volume of Gas Evolved at 100°c 
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TABLE XI 

Elapsed 
Time 

I l5 

%i 

380 
42 8 

GASSING DATA ON CYCLING AT 25OC 
(1/2 / 1/2 hr 
360/450 mA) 

Cell # ESC-B-206 

Temp. 
06 

25 
23 

24 
25 

25 
24 
25 
24 
2 3  

24 
24 
24 
24 
23 

Accumulated 
Gas Volume 

(cm31 

0.4 c 

1.40 
2. 60 

3. 40 

3. 60 

6. 10 
6. 50 
6. 60 

6. 80 

7. 10 
7, 60 

8. 20 
8. 80 
9. 30 

ocv 

1. 84 
1. 84 
1.82 
1. 82 

1. 63 

Note I 
Stand 

Cycling 

60 Cycles 

72 Cycles 

96 Cycles 

Stand 

Test Discontinued 
Because of Leak in 
System 
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4 

b. High Temperature (Table XEI) 

Cell #ESC-B-211 was tested at 100°C f 2OC on the 
cycle regime described above. 
because a leak developed in  the system. 

This test  was discontinued after 24 hours 

It is to be noted that the cell  gassed less than the cell 
on stand at 100°C, and it can be conjectured that this is because the cell  is 
in  a medium charge state most of the time rather than in a fully charged 
state, as established by the test  done on a partially charged cell  on stand 
a t  100°C. 

2.2.1. 5 Preliminary Multiplate Cell Tests 

In order to preview the performance of the 
electrodes and other cell  components in 5 Ah cells,  a number of multiplate 
cells were fabricated and cycle tested a t  25OC and 100°C at various current 
densities. These cells were built using machined frames with the modified 
groove design described i n  Section 2. 1 and several  different frame cements. 
Test  results a r e  shown in Table X I E  

The design is indicated by D-series (D-1, 
D-2, etc). 
of which designates slight modifications of groove dimensions and spacing. 

The grooved frame type i s  referred to a s  E, E', E", E'", each 

The frame sealants used a r e  indicated by 
their trade names - RTV, Shell Epon, Ethylene-Propylene (uncured liquid 
EP),  Epibond, Br-89 and Br-92, (Epoxies supplied by the American 
Cyanamid Company for cementing polysulfone) and All-Bond, 

Table XI11 shows that generally these cells 
were capable of long cycle life at room temperature. 
caused by sealant failures,  frame warpage o r  low zinc electrode capacity. 
Frame warpage generally caused at least  one separator in  the assembly to 
crack resulting in a decline in cell capacity and termination of the test, 

Cell failures were 

The best resul tsp overall,  were obtained 
with design D-10, using the E l t f  f rame and All-Bond cement. However, 
the problem of frame warpage was apparent, especially at  high temperature, 
where better results were obtained with a flexible cement such as RTV, 

It i s  significant that as  many as 1465 cycles 
were obtained at 25OC by multiplate cell MC-15 as shown in Table XIIL 
Cell performance remained essentially unchanged for  over 1,000 cycles at 
which time a slight decline in  cell performance was noted. 
failure at 1465 cycles, the cell was disassembled and analyzed, Inspection 
clearly showed failure of the frame sealant (RTV), 
even longer cell  life would have resulted i f  the frame sealant had not failed. 
These tests indicated the long cycle capability of the inorganic separators 
using a preliminary multiplate design. 

After cell 

It was apparent that 
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TABLE XI1 

Elapsed 
Time 

(hours) 
--_. 

1 hr 

4 

5 
6 

6 .  5 

15. 

15, 5 

16 

17 

18 

20 

24 
1--1_- 

GASSING DATA ON CYCLING AT 100°C 
( 1 / 2  / 1 / 2  hr 
360/450 mA) 

Cell #ESC-B-211 

Temp. 
OC 

25  

...---- 

9 3  

97 

98 
9s 

25 

25 

31 

81 

98 

98  

98  

98  

Accumulated 
G a s  Vo lume  

k m 3  1 

0, 

6,  2 

7. 5 

8, 4 

8. 8 

9. 0 

9* 0 

1 1 . 8  

12 .  8 

13. 10 

13, 20 

13.  20 

ocv 

1, 84 

1 ,  62 

Note 

Stand for one week 

Cycling 

6 Cycles 

Stand at R ,  T ,  

Cycling - Oven turned 
on 

24 Cycles 

Test discontinued 
because of leak 
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-- 

Cell 
No. 

13 

14 

15 
16 
17 
18 

19 
20 
22 

23 
24 
25 

26 
27 
28 

29 
30 
3 1  

32 

33 

45 
48 

56 
57 

- 

__ 

A 

A 

A 

A 

C 
A 

A 

C 

A 

B 

A 
B 

A 

C 
B 
B 
B 
A<< 

A* 
A 

A 

A 
Ah 

A* 

TAB LE XI11 

MULTIPLATE CELL (MC) CYCLING DATA 
(25°C Except When Indicated By*) 

1 

1 
1 

1 
1 
1 
1 
1 

1 
2 
1 
2 
1 

1 
2 
2 

2 
1 
1 
1 

1 
1 
1 

1 

I 

Code 

D- 1 

D- 2A 

D- 3 
D-2B 

D- 2 
D-4 

D- 5 
D-4A 
D- 7 

D-7 
D- SA 
D- SA 

D-7 
D- 7 
D-8 
D-8 
D-7A 
D- 8 
D- 8 

D-8 
D- 8 
D- 8 
D- 10 

D- 10 

Design 

?rame 

E 

E 
E'  
E 
E 
E'  

E' 
E' 
E' 
E' 

E' 
E' 

E' 
E' 
E" 
E" 
E' 
E" 

E" 
E" 
E" 
E" 
Ell1 

Ell1 

- 

Cement 

RTV 

Ep. 901 
RTV 

E. P 
RTV 
RTV 
Ep. 901 

Ep. 901 
RTV 

RTV 

RTV 
RTV 

RTV 
RTV 
RTV 
RTV 
BR-89 
Epibond 
BR-89 
BR-92 

All  -Bond 

All - B ond 

RTV 

RTV 

Original 

4.9 

5.3 

4.9 
5.0 
4.5 
5 .8  
5.1 

5 .1  
6 .2  
6.0 
4. a 
6.7 

6 . 3  
6.3 
6 .0  
5.8 1 
6.8 
7.1 

I 
1 

5.2  
6.4 1 

5.6 

*Run at 100°C 

A = 1/2 x 112 hr (discharge-charge) 
B = 1 /2  x 1 hr (discharge-charge) 
C = 24 h r s  (discharge-charge) 

FW = Frame Warpage 
LC = Low Capacity 

S = Sealant Failure 

isc harge 

Current 
Density 

(mA/ cmz) 

7 

7 
7 
7 
7 
7 

7 
7 
7 

14 
7 

14 

7 

1 
14 
14 
14 

7 
7 
7 
7 
7 
7 
7 

Depth 
of 

Discharge 
% Qo 

10 

10 
10 

10 
100 

9 
10 

100 
8 

17 
10 
16 
8 

100 
17 
17 
15 
7 
7 
8 

10 
8 

9 
9 

-- 

No. 
of 

Cycles 

20 5 

325 
1465 
262 

19 
167 
163 

18 

499 
170 
326 

1054 
438 

9 
78 
82 

156 

155 
113 
154 

265 
512 
163 

167 

Remarkr 

L. c. 
F. W.  

S 
L. c. 
F. W. 

L. c. 
F.  W. 

F. W.  

L. c. 
L. c. 
F. W. 

S 

L. c. 
S 

F. W. 

S 
F. W.  

L. c. 
L. c. 
F .  W.  

F. W.  

F. W. 
F. W. 

F. W.  
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Four of the twelve multiplate cell cycle 
tests completed over 400 cycles, and two of these cells exceeded 1,000 
cycles. Multiplate cell MC-25 completed 1,054 cycles before the frame 
sealant failed. 
intervals when frame warpage, sealant fa i lure ,  o r  zinc electrode degrada- 
tion resulted in terminating the cycle tests. 

The rest  of the multiplate cells failed at  different cycling 

Four of these multiplate cells were cycled 
Again, frame warpage caused at least one separator to crack in at  100OC. 

the f rame assembly, resulting in the termination of two of the four tests 
after completing over 160 cycles. Of special interest were cells MC-56 
and MC-57 which completed 163 and 167 cycles a s  shown in Table XIII. 
These cells were heat soaked at 135OC for three hours before being placed 
on cycle test. 
plateau of about 1.5 V as shown in Figures 25-27. Two other cells (MC-31 
and MC-32) tested at  1000°C continued to cycle before loss of zinc electrode 
capacity caused cell failure. 

Discharge curves for these cells display a high discharge 

The results confirmed the capability of 
these cells to fulfi l l  the contract requirements but also emphasized the 
need for design, sealant, and zinc electrode modifications. 

2.2.1.6 Test Cells Operating in  Various 
Orientations 

One of the design objectives of this pro- 
gram was a cell usable in any operating position. 
desired versatility, it  was necessary to develop a technique for closing the 
tops of the separator-electrode pack so the electrodes would be retained in 
place when the cell was placed in any position. The materials that were 
evaluated as top closures included Armalon felt, All-Bond epoxy, Nylon 
felt, RTV, potassium titanate fibers and plastisols. Table XIV shows the 
results obtained on multiple plate cells tested in three different orien- 
tations - upright, flat and inverted. 

In order  to achieve this 

The cycle tes t  evaluations of top closure 

As 

Analysis of these cells showed 

materials and techniques show that the multiplate test  cells will cycle sat- 
isfactorily in any attitude without significant change in performance. 
shown in Table XIV, cycle life surpassed the required 140 cycle cut-off in 
all tests,  except for MC-42 and MC-49. 
fabrication e r r o r s  to be the cause of poor performance. To illustrate the 
relative uniformity of the number of cycles completed in  each attitude, the 
average number of cycles in each orientation was calculated and shown in 
Figure 28. 
335, 395 in the flat position, and 315 in the inverted position. The change 
in  attitude did not seem to affect the performance significantly. 

The average number of cycles in  the upright position was about 

To further illustrate the lack of effect of 
different cell positions on performance, three charge-discharge curves 
were plotted showing cell characteristics during cycling. Figure 29 shows 
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multiplate cell MC-62 cycling in  the upright position; discharge voltage 
plateau is about 1.45 volts. 
and MC-67 cycling in the flat and upside down positions; discharge plateaus 
for  these cells are about 1.37 volts. 

Figures 30 and 31 show multiplate cells MC-66 

Examination of these multiplate cells 
cycling in different orientations showed that a combination of negative com- 
partment top filler materials should be used. This is because the porous 
top fillers, such as the nylon f ibers  and Armalon felt, tend to dislodge some- 
what in  the inverted position. While the negative electrode material loss 
was very slight, elimination of any electrode material was realized when 
the porous top fi l ler  was held i n  place with an  epoxy adhesive, such as 
Allbond cement. 
because it loses its adhesion in the electrolyte with time. 
a r e  excellent top fi l lers,  except they allow some electrode material loss  
through a small hole left i n  the epoxy for adding electrolyte. 
design shown in  Figure 32 permits cel l  operation in any orientation without 
loss of performance, 

RTV silicone rubber used as a top fi l ler  was not effective 
The rigid epoxies 

The closure 

2. 2,. 1. 7 Technical Directive No. 1 

Technical Directive No. 1 was issued on 
April 19, 1966 to permit a preliminary evaluation of design configuration 
and components pr ior  to fabricating the eight multiplate cells specified in 
the work statement (Task 11, Paragraph 7). 
Appendix A of this report, along with our test procedures. 

A copy of TD-1 is included in 

All  of the tests specified in  TD-1 have been 
completed and the results a r e  shown in  Table XV.  

Sixmultiplate cells, MC-38, 39, 54, 55, 
56, and 57, were fabricated and tested in  accordance with the specification 
outlined in Technical Directive No. 1. All cells passed the required elec- 
trolyte leak tests.  They were then given one formation cycle and then dis- 
charged at 3 A at 25OC (20 ma/cm2). They were then discharged at 3 A at 
lOOOC, 

The internal resistance of each cell  was 
measured three separate times while charging on the argentic plateau. 
measurements were consistent and very close. 
in  Table I11 are accurate to within 0.005 ohm. 

All 
The average values reported 

As can be seen f rom Table XV the cells 
fabricated with epoxy cements (MC-38, MC-39, MC-54, and MC-55) lost  
their normal open-circuit voltage and exhibited a decline in capacity after 
the high temperature test. 

Analysis of these cells showed separator 
fractures caused by plastic frame warpage. 
in which a flexible sealant (RTV) was used continued to maintain normal 

However, cells MC-56, MC-57, 
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Figure 32.  Top Closure for  Negative Electrode Compartment 
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TABLE XV 

SUMMARY OF TEST RESULTS- 

1.86 

-. 

2.8 

~ 

TECHNICAL DIRECTIVE NO. 1 

MC-57 
RTV 

Re si s tanc e 

5.6 0.06 

MC-55 5.6 4.7 4.5 0.067 

MC-56 5.6 I 5.7 6.3 0.06 

A11 - B ond 

RTV 
I r I I 

After Heat Exposure 
3 hrs/135"C 

Capacity 
After Recharge 

1.2 Ah 
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good open circuit voltage (1 .86  VI and retained considerably greater capacity 
than the cells using the rigid cements. 

2 . 2 . 2  Inorganic Separators 

The inorganic battery separators used in  the develop- 
ment of a 5 ampere-hour multiplate battery capable of long cycle life and 
operation a t  temperatures as high as 100°C were based on Astroset separator 

-- materials previously developed by Astropower Laboratory (Reference 1) and 
evaluated under NASA Contract NAS 3-6007, "Inorganic Separator for  High 
Temperature Silver-Zinc Battery" (Reference 2). 
prepared from special formulations by high pressure compaction and sin- 
tering in order  to develop the physical, chemical and electrical  charac- 
terist ics necessary for effective performance in high energy density 
batte rie s 

These separators are 

2 , 2 . 2 , 1  Separator Scale-up 

In order  to scale-up the inorganic separators 
used in the previous work (Reference 1)  to the size and shape required by 
this program, new compacting tooling was designed and fabricated for pro- 
ducing inorganic separators for the 5 A h  test  cells and batteries. 
i s  a photograph of the die set  used. Figure 34 is a drawing of this tooling, 
which shows the dimensions and tolerances for each of the die components. 

Figure 33 

2,Z.Z. 2 Separator Evaluation 

F o r  quality control purposes, the transverse 
strength, percent absorption and resistance to KOH of the inorganic battery 
separators is  2egularly determined., 
improvements mechanization, and the development of skilled personnel 
have resulted in a general improvement of separator quality. 
strength of Type 5-036-0 1 1  inorganic separator was increased substantially. 
Earl ier  tests showed a transverse strength of about 5000 psi for this ma- 
ter ia l  (Reference l ) ,  whereas, current tests indicate a transverse strength 
of about 7000 psi as a result of improved processing methods 2nd techniques. 
The level of uniformity of strength and absorption is also' very high, indi- 
cating adequate process control. 

As discussed previously, process 

The t ransverse 

2 . 2 . 2 .  3 Selection of Astroset Inorganic 
Separator for Task III Cells 

During the component evaluations investi- 
gations carr ied out under Task I1 of this program, Astroset Type 5-036-011 
inorganic separators were used in fabricating the tes t  cells., These sepa- 
ra tors  were selected based on long cycle life obtained at 25O and 100°C in  
the work done during the previous contract NAS 3-6007, they a r e  charac- 
terized by good resistance to KOH at temperatures up to 150°6, high 
strength (7000 ps i  modulus of rupture) and low resistivity, 
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Figure 33. Die Set for Compacting 5 Ah Inorganic 
Separators 
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When the original cell design was changed 
from the rigid frame type to the modified frame, electrode compartment, 
it was found that Astroset Type 3420-09 separators had superior bonding 
characterist ics with the electrode compartment sealants used. Because the 
other characterist ics of 3420-09 separators were equal o r  superior to the 
5-036-011 type, they were selected for  application in  the Task III 5 Ah cell. 
Table XVI compares the significant characterist ics of the two separator 
mate rials 

TABLE XVI 

CHARACTERISTICS OF ASTROSET INORGANIC SEPARATOR 

KOH Transverse 
As t ro set  Re s is tivity Compatibility Strength Bonding 

Type (ohm-cm) at 1 8OoC (pso) Characteristics 

5-036-01 1 40 Good 7000 Fair 

3420-09 18 Good 10,000 Good 

2.2.2.4 Separator Fabrication 

Complete processing, testing and inspection 
specifications have been prepared covering separator manufacture. 
specifications include raw mate rials, mate rial preparation, compaction, 
sintering, inspection standards and quality control procedures. 

These 

In order  to improve separator quality and 
to maintain a high level of uniformity and reproducibility of separator 
characterist ics,  many operations formerly performed manually have been 
mechanized. Figure 35 is a photograph of a ceramic plate pulverizer used 
for granulating separator pressing materials. Mechanization of the granu- 
lation method has resulted in  greatly increased yields of pressing material, 
improved uniformity and reduced contamination. Figure 36 is a photograph 
of a high intensity magnetic chute used for  removing magnetic i ron from 
both raw materials and processed separator materials. 
of this magnet has resulted i n  a substantial reduction in i ron spots in  the 
sintered separators and i n  improved quality. 

The introduction 

Figure 37 is a photograph of a blending 
machine which has been modified for vacuum drying. Granulated pres  sing 
materials can be dried to the desired moisture content rapidly while being 
blended. 
ity and has also increased the yield of usable pressing materials. 

U s e  of this machine has resulted i n  improved quality and uniform- 
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Figure 35. Ceramic Plate Pulverizer 



i 

Figure 3 6 .  High Intensity Magnet for Removing 
Iron from Separator Materials 
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I 

Figure 37. Mixer-Blender Arranged for Vacuum 
Drying Separator Materials 
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An automatic program controller and re- 

This instrumentation, Figure 39, consists of a cam- 
corder has been installed on the high temperature gas-air sintering furnace 
shown in Figure 38. 
operated temperature controller and recorder and makes it possible to 
exactly duplicate sintering time temperature curves from one run to another. 
The use of this equipment has resulted in  a substantial improvement in  the 
uniformity of sintered separators and has increased the yield of separators 
that meet all of the inspection standards. 

In addition to improving the quality and 
uniformity of the inorganic battery separators, this additional equipment 
also increases inorganic separator productivity capacity, making it possible 
to produce the substantially increased quantity of separators required by 
this program, 

2.2.3 Cases 

The work statement for  Contract NAS 3-7639 provided 
for the evaluation of two candidate materials for use in fabricating the 5 
ampere-hour cases for evaluation in Task 111 of the program. 
criterion for  selectionwas overall suitability for  use in  the multiplate cells 
which would be tested at temperatures as high as 145OC and a r e  subject to 
long time exposure to 100°C during cycle life testing. Material evaluation 
tested for individual strength, modulus of elasticity, dimensional compati- 
bility and resistance to thermal degradation in contact with concentrated 
KOH. 

The basic 

Initially, actual copolymer (Celcon) and polyphenylene 
oxide (PPO) were evaluated as described below. 
ation indicated that PPO was a satisfactory case material for  use in this 
program. 
with PPO and polysulfone was substituted for it because of its syperior 
molding characteristics and i ts  excellent physical, electrical and chemical 
charac te ri s tic s . 

The results of this evalu- 

Subsequently, however, molding difficulties were encountered 

2*2.3* 1 KOH Compatibility Tests 

One-thousand hour KOH-high temperature 
compatibility tests on PPO and Celcon case materials were carr ied out by 
completely submerging P P O  and Celcon test  samples in 35% KOH in  stain- 
less  steel pressure vessels. The sealed pressure vessels were heated to 
100°C 2OC for 1000 hours. Figure 40 shows one of the pressure vessels 
used in these tests. At each 100-hour-interval, the test  samples were re-  
moved from the container, washed, dried, and inspected for evidence of 
degradation, and then returned to the pressure vessel  to continue the test. 
The 100-hour inspections showed no visible degradation of either PPO o r  
Celcon af ter  a total of 1000 hours of exposure. Test samples were photo- 
graphed prior to the s ta r t  of the tests (Figure 4 l )and  again after completion 
of the tests (Figure 42). The only visible change that occurred was a change 
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Figure 38. High Temperature Sintering Furnace 
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Figure 39. High Temperature Furnace Controller 
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Figure 40, Stainless $tee1 Pressure Vessel 



Figure 41. Test Samples of Celcon and PPO Prior to 
the 1000-hour KOH Compatibility Test 
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Figure 42. Test Samples of Celcon and PPO Following 
the 1000-hour KOH Compatibility Test  
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in color of the Celcon test  specimens f rom white to beige where the test  
specimen protruded f rom the KOH solution. 
in  Figure 42 at the right ends of the two top Celcon test  specimens. 
PPO test specimens were unchanged in color. 

This discoloration can be noted 
The 

Test results on the PPO and Celcon test 
specimens after 1000 hours exposure to KOH at 100°C are shown below: 

1. 

Sample 
No. 

1 

2 

3 

4 

5 

6 
7 

8 

9 
10 

11 

12 

2. 

Tensile strength and modulus of elasticity after exposure; 
tested and computed in  accordance with ASTM 1)-638-64T. 

Ultimate 
Tensile Average Modulus of Average 

Material (psi) (psi) Elasticity (Psi) 

Celcon 

Celcon 

Celcon 

Celcon 

Celcon 

Celcon 

PPO 

PPO 

PPO 

PPO 

PPO 

PPO 

9,540 

9,370 

9,510 

9,480 

9,310 

9,360 
10,600 

10,600 

10,600 

10,700 

10,700 

10,600 

3.36 x 10 5 

5 8.28 x 10 
5 9430 5.17 x 10 5. 17 x 10 

5 4.18 x 10 
5 5.22 x 10 
5 4.82 x 10 
5 5.05 x 10 

6.01 x lo5 

5 

5 

5 10600 5.43 x 10 5.64 x 10 

6.08 x 10 

6.02 x 10 

5.26 lo5 

Modulus of rupture after exposure; tested and computed 
pe r  ASTM D-790-63. 

Modulus of 
Rupture Average 

Sample No, Material (psi) (psi) 

1 C elcon 11,240 

2 C elcon 10,900 11,000 

3 Celcon 10,900 

4 PPO 14,690 
5 PPO 15,210 15,000 

6 PPO 15,100 
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3. Dimensional stability and weight change after exposure. F o r  ' 
this tes t  the thickness and width were measured with a dial 
thickness gauge, to the nearest  0.001 inch, at several  points 
along each sample before exposure. 
measurements were taken at identical points and compared 
with the initial values. In a like manner the length of each 
sample was measured between two specific points before and 
after exposure, 
weighed on an analytical balance to four decimal places before 
and after exposure. 

Following exposure, 

F o r  the weight change the samples were 

Mate rial Celcon PPO 

Average thickness change 0 0 

Average length change -0.2470 0 

Average weight change -0. 15% -0.0170 

Average width change -0.16% -0.0570 

4. Appearance after exposure: The samples af ter  exposure were 
compared with unexposed samples for color. The Celcon had 
changed in  color f rom a milk white to a light blue-gray in  the 
a r e a  of total immersion i n  the solution, In the area where 
the tensile tabs were out of the solution in the vapor phase 
the color had changed to a dark beige. 
a r eas  was the same in the interior of the sample as on the 
surface. After testing, the tensile bars turned blue in the 
a reas  of strain. 
by exposure. The PPO was essentially unchanged in  color 
and gloss after exposure. 

The color of both 

The gloss of the Celcon resin was unchanged 

5. Summary of test  results: 

Mate rial 

Celcon 

Celc6n 

Celcon 

PPO 

PPO 
PPO 

Before After 
Manufacturer's KOH 1000 h r  

Test  Data Exposure KOH Test  

Ultimate Tensile 8, 800 psi  8,470 psi  9,430 psi  

Modulus of Elasticity No value given 

Modulus of Rupture 13,000 psi  12,000 psi  11,000 psi  

Ultimate Ten si1 e 9,000-10,000 psi 9,460 psi  10,600 psi  

Modulus of Elasticity 3.5-3.8 x 10 psi  3.4 x 10 psi  3 . 4 ~  10 psi  

Modulus of Rupture 14,000-15, OOOpsi 13,000 psi  15,000 psi  

3 . 6 9 ~ 1 0  5 psi  5 . 1 7 ~ 1 0  5 psi  
* 

5 5 5 
* 

* 
The modulus of rupture is a measurement of the load per  unit a rea ,  
placed in  the center of a beam of tes t  material, required to develop 
five (5) percent s t ra in  in the outer fiber. 
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Because one of the program requirements 
involves thermal cycling of activated multiplate cells a t  145OC f 2OC for  
three 36-hour soak periods, it was decided to submit tes t  samples of P P O  
and Celcon to this tes t  while they were submerged in 4570 KOH during the 
evaluation of case materials; this was to select a case material  that would 
also satisfactorily meet this requirement. Due to an e r r o r  i n  calibration 
of the temperature recorder,  a higher temperature was obtained for  two 
and one-half of the 36 hour periods of test than planned. As a result, the 
tes t  samples of P P O  and Celcon were heated to 193OC for  93 hours plus 15 
hours at 145OC. 
Celcon samples melted into a. lump. An additional test  on new Celcon test  
samples was conducted by heating the submerged samples in 45% KOH for 
6 hours a t  145OC & 2OC. 
this test. 
tory case material  and that Celcon was unsuitable for use i n  this program. 

The P P O  samples were unaffected by this test  but the 

These samples also melted into a lump during 
Based on these tests i t  was determined that P P O  was a satisfac- 

The tes t  results on the P P O  tes t  specimens 
are shown below: 

1. Tensile strength and modulus of elasticity after exposure to 
45% KOH (tested in accordance with ASTM D-638-64T). 

U1 t ima t e 
Sample Tensile Average Modulus of Average 

No Material (Psi) (Psi) Elasticity (Psi) 

5 1 P P O  11,250 3 .47  x 10 

2 P P O  11,250 11 ,260  3 . 5 8  x IO5 3 . 4 9  x 10 

3 P P O  11,340 3 . 5 1  x 10 

4 P P O  11,190 3 . 4 0  x 10 

5 

5 

5 

2.  Modulus of rupture, after exposure (tested in  accordance 
with ASTM D-790-63). 

Modulus of 
Rupture Ave rage 

Sample No. Mate rial ' (psi) (Psi) 

1 P P O  14,590 
2 P P O  14,980 14 ,900  

3 P P O  14,720 

4 P P O  15,330 

3. Dimensional Stability: F o r  this test the thickness and width 
were measured with a dial thickness gauge in the nearest  
0 .001  inch, a t  several  points along each sample, before 

- 
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exposure. Following exposure, measurements were taken at 
identical points and compared with the initial values. 
manner the length of each sample was measured between two 
specific points before and after exposure. 

In a like 

Average thickness change t1.6% 
Average width change to ,  3% 

Average length change -L4% 

4. Weight Change: The samples were weighed on an analytical 
balance to four decimal places before and after exposure. 

Average weight change - O * O l %  

2 , 2 . 3 . 2  Case Fabrication 

The original 5 ampere-hour cell cases  
were assembled by cementing together components machined from flat 
stock. 
of the design concepts and for  limited testing. 
difficult to fabricate because of the multiplicity of glued joints and the di- 
mensional instability of the machined par ts  e Accordingly, an arrangement 
was made with a plastic molder to injection mold PPO and polysulfone cases 
using existing tooling. 

These PPO cases  were satisfactory for  the preliminary evaluation 
They were expensive and 

The dimensions of these molded cases  
closely approximated the case design established in Task 11, except f o r  
height, which could be machined to the desired dimension. Although the 
quality of these cases  was not uniformly high, they were satisfactory for 
use in the component testing and evaluation work done in  Task I1 of this 
program. These injection molding tools have been designed for  molding 
Bakelite C-11 and the PPO cases  produced with this testing were laminated 
and cracked due to inadequate gating and poor material  flow. The polysul- 
fone cover made with these tools were badly strained, but acceptable for 
component tests,  although in  a few instances, the cases  cracked during 
cycle tes ts  at 100°C and developed KOH Leakage. 

In order  to have a satisfactory case for  the 
cells fabricated in Task I11 of this program, Douglas provided injection 
molding tooling for  molding PPO and polysulfone cases  and covers. 
dimensions of these cases  approximated the 5 ampere-hour cell design 
parameters.  Satisfactory polysulfone cases  were obtained from these tools 
for  use in fabricating the Task 111 cells, However, the molder was unable, 
even with extensive assistance from the material  supplier, to produce PPO 
cases of acceptable quality due to molding material variations and other 
problems related to PPO. Figure 43 shows a typical PPO case showing 
molding defects. 

The 
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Figure 43. Molded PPO Case Showing Defective 
Structure Resulting from Improper 
Molding 
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The polysulfone cases  produced with this 
tooling were uniformly of high quality and f ree  f rom strains  and functional 
defects. Typical 5 ampere-hour cases  a r e  shown in Figure 44. 

Polysulfone was selected for use i n  the 
Task 111 5-Ah cells based on these findings. 
specimens were run through the complete tes t  sequence previously described 
for  PPO and Celcon. 
degradation. 

Additionally, polysulfone test  

Polysulfone satisfactorily passed all tests without 

2.2,3. 3 Pressu re  Tests  on Molded Cases 

Molded polysulfone cases having 0,100 inch 
thick walls were pressure tested, 
torily passed leak testing for 10 minutes at 30 psig at 125°C. 
also leak tight at 150 psig at 25OC but slight bulging was observed in  all 
tests. 
cooling to room temperature. 

It was found that these cases  satisfac- 
They were 

The cases  tested at 125OC retained a certain permanent bulge after 
These data are shown in  Table XVIH. 

In these same tests,  the case to cover 
seals were also found to be satisfactory and showed no leakage up to 150 
psig. 

In one test  a molded polysulfone case was 
subjected to 111 hours at 145OC in 30% KOH to simulate thermal steriliza- 
tion, As shown in  Figure 45, small cracks developed in the bottom of the 
case. 
that had not been heat treated were examined using polarized light. 
areas were found but improved molding techniques relieved this problem. 
Other than these cracks,  these cases  appeared to be unaffected by the 
sterilization cycle. Figure 46 shows the polarized light inspection method 
used. Consequently, properly molded polysulfone cases  were evaluated by 
this test  and satisfactorily passed the thermal sterilization specifications 
at 145OC without any apparent effect. 

These cracks radiated outward from the sprue marks. Molded cases 
Stress  

2.2.4 Terminals 

After a thorough review of existing plastic-to-metal 
and ceramic-to-metal terminal seal  designs, it was decided that a plastic- 
to-metal seal could be used for the 5 ampere-hour cells in  this program. 
As specified in  the work statement, the terminal seal must be capable of 
sustaining 30 A pulses as well as operating at the one-hour rate. 

Figure 47 shows the terminal design selected. It 
consists of a stainless steel screw and nut assembly and uses  an ethylene- 
propylene thread seal and O-ring as pr imary seals. 
provided by epoxy resin placed between the terminal components and the 
cell  cover during assembly and then cured., 

A secondary seal is 
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Figure 44. 5 Ah Polysulfone Cases from New Mold 
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TAB LE XVII 

CASE PRESSURE TEST RESULTS 

Material  

P P O  

Temp. ,  
O C  

25 

115 

125 

125 

25 

25 

125 

125 

125 

25 

Pres s u r e ,  
(psig) 

0 
15 

30 

30 

0 

0 
30 
30 

30 
0 

Permanent  Bulge: First Test: 0.006' 

Second Test: 0.009' 

Polysulfone 

(original)  

(final) 

25 

125 

125 

125 

125 

25 

Permanent  Bulge: 0.002" 

0 

30 

30 

30 

30 

0 

Time,  
(min) 

0 
0 
0 

5 

5 

0 
0 

5 

10 

10 

0 
0 
5 

10 

15  

15 

Thickness ,  
(in) 

0.996 

1.065 

1. 125 

I. 132 

1.102 

1.102 

1. 135 

1.140 

1.142 

1.111 

1.000 

1.095 

1.101 

1.105 

1.110 

1.002 

Inc rease  
in 

Thickness,  
(in) 

0 

0.069 

0.129 

0.136 

0.006 

0 
0.033 

0.038 

0.040 

0.009 

0 

0.095 

0.101 

0.105 

0.110 

0.002 
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Figure 45. Cel l  Case Showing Cracks Radiating from 
Mold Marks as a Result of Imp~oper 
Mold Design 

97 



E 
iz 
d 

M 

k 

a, s 

a, 

d 
m 

u 

F: 
N 
k 

.rl 

.rl 

cd 
0 
d 

pc 1 
a 
a, 
N 
k 
cd 

.r( 

d 

n" 

a, 
k 

& 
.rl 

cr 

98 

a, 
V 
k 
3 
0 
vl 



"0" Ring 
(Ethylene- 
ProDvlene) \ rt35 

Terminal 

f -  

/ Propylene Seal) 

i 'i E P O X Y  
R e  sin 

Plastic J 

Cover  

Figure 47. Terminal Seal Assembly 
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2.2.4. 1 Test Fixture 

A tes t  fixture for testing terminal assem- 
blies in KOH under thermal and pressure cycling was designed and fabricated. 

This fixture consists of a base plate with a 
terminal seat  as it will appear in  the cell  cover. 
intended to be used in  the cell i s  assembled to this dummy plate, which is 
screwed to a stainless steel chamber and sealed by an '1011 ring. 
ber  has three openings - one for supplying nitrogen pressure at the desired 
level, one for monitoring the pressure  and one for  the introducing of KOH 
in the chamber to cover the terminal (see Figrxres 48 and 49). 

The terminal configuration 

The cham- 

2. 2.4. 2 Terminal Testing 

The terminal test  performed was as follows: 

a. 

b. 

c ,  

d. 

The sample terminal was assembled on the base plate made 
of PPO. 

The chamber was filled with 35% KOH. 

The chamber was pressurized to 30 psig and the pressure 
maintained for 4 hours. 

The assembly was cooled to -30° and held for  16 hours, 
then heated slowly to 150OC and held for 4 hours. 

The assembly was maintained a t  100°C and cycled as 
follows: 5 minutes at  30 psig, 5 minutes at  atmospheric 
pressure,  for a total of 8 hours. 

e. # 

No t race of alkalinity was detected a t  the external end of the terminal during 
the entire test  and 24 hours later.  
amination. 
entire configuration. 
ampere-hour cells built and tested in Task 111 of this program. 

The terminal was disassembled f o r  ex- 
No attack coyld be detected on any material  used o r  on the 

This design was incorporated into the multiplate 5 

2.2.5 Connections and Current Collectors 

The electrode tab (current collector) connection to the 
cell terminal consisted of two basic designs - (1) silver tabs spot-welded o r  
hot-forged to si lver expanded metal grids cut to size,  and (2) si lver ex- 
panded metal grid in  which a solid si lver tab is an integral par t  of the grid. 
A KOH soak test  was performed, in  compliance with the statement of work. 
Two electrode current collector grids of the f i r s t  design described above 
were completely submerged i n  3570 KOH in a stainless steel vessel ,  and 
maintained at 15OoC f 2OC for 168 hours. At the completion of the 168- 
hour soak test ,  the current collector grids were removed f rom the sealed 
vessel,  washed, dried, and inspected under a microscope for corrosion. 
No evidence of corrosion was noted. 
current collector grids taken after the 168-hour soak test. A 30 ampere 
current (dc) was then passed through each grid for a period of one minute 
with one current lead connected to the end of the si lver tab and the other 

F igu re  50 is a photograph of the 
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Figure  48. Bat tery Te rmina l  T e s t  Fixture  
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Pressure  
Gauge 

Pressure  

Stainless 

Chamber 

Base 

As sembly 
Tested 

Figure 49. Test  Fixture for Terminal Seal 
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Figure 50. Silver Electrode Current Collector Grids 
Following Exposure to 15OOC fo r  168 
Hours in 35% KOH 
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current lead attached to the bottom of the si lver grid. 
sistance, corrosion o r  discoloration was detected. Finally, an attempt 
was made to mechanically pull the tab away from the grid at  the welded 
joint by holding the grid in  a vise and manually pulling the tab. 
determined that when 10 pounds of force was applied, the Exmet grid pulled 
apart  but the welded joint between tab and grid was unaffected. 

No evidence of re& 

It was de- 

2.2,5. 1 Connection to Cell Terminals 

The method of attaching the electrode tabs 
to the terminal base was designed to facilitate fabrication and assembly. 
The distance between the top of the electrodes (positive and negative) and 
the center of the hole punched in  the tab is the same for all electrodes. As 
a result, the tabs extend straight up out of the frame pack and a long screw 
and washers are used to complete the assembly. 
the terminal-connector assembly., 

Figure 51 is a sketch of 

2.2.5.2 Final Design of Collector-Connector- 
T e rminal As s embly 

To reduce the weight of the hardware com- 
ponents, such as the terminal screws, and to simplify cell  assembly, the 
collector tabs were replaced with a multiple strand silver wire welded 
directly to the collector grids. This construction is shown in Figure 52. 
The use of flexible wire connector also made i t  possible to use terminals 
having through holes rather than the original nut and bolt assembly. The 
assembly of the connector to the terminals is shown in Figure 53, After 
threading the connector wires through the terminal sc rew holes, the wires 
were cut off flush with the top of the terminals and the space between the 
wires and the terminal body was filled with indium solder. 

2.2.6 Electrolyte 

The effect of KOH concentration on discharge rates 
was determined in test cells as specified in the work statement. 

Eight ESC-B type cells were constructed for this test. 
Four used standard negative electrodes with the KT paper wrapped as a "U" 
around each negative electrode and four used negative electrodes with KT- 
fibers blended into the negative mix material before pressing. 

One cell  of each group was activated with different 
KOH concentrations ranging from 30% to 45%. 
the test  results. 
for three cycles at discharge drain levels ranging f rom 10 ma/cm2 to 50 
rna/cm2. After 10 complete discharge-charge cycles, the cells were put on 
automatic cycling at the one-hour rate of discharge (30 ma/cm2). 
shown in  these tables, the cells using the KT wrap around the negative elec- 
trodes were uniform and consistent. 
between results at various KOH concentrations. Figure 54 shows capacity 
and plateau voltage evaluation versus current density for  this construction. 

Tables XVIPI and XIX show 
All  cells were given identical tes ts  - complete discharge 

As 

There was no significant difference 
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Nut 1 

Tabs 1 

Terminal 

/ 

Figure 51. Vertical Tab Attachment to Terminal Base 
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Figure 52. Connector Wires Welded to 
Electrode Grid 
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Figure 53.  5 Ah Cell Components to 
Assembly 
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* 2. 3 Task I11 - Evaluation and Characterization of Cell Construction 

The objectives of Task I11 were to evaluate multiplate cell 
design effectiveness , weak points and areas  requiring concentrated develop- 
ment prior to prototype cell fabrication. Accordingly, these evaluations 
provide the necessary information to determine the value of this cell con-- 
s truc tion. 

Based on the data obtained in Tasks I and I1 and discussions 
with the Project Officer , thirty-five 5 -Ah cells were fabricated. 
cells presented the first group of cells built using the best components 
selected from the design and component studies carr ied out in the previous 
tasks and subjected to extensive evaluation. 

These 

These cells were assembled using eight Astroset Type 3420-09 
inorganic separators.  
tween two separators using modified Allbond epoxy as the electrode compart- 
ment sealant. 
of this assembly and Teflon tape collars were cemented to the top of each 
assembly to preclude interelectrode shorting i f  zinc loss was experienced 
during prolonged cycling. 
silver positives and pressed zinc oxide (98%)-mercuric oxide (2%) negatives. 
The positive electrodes and negative subassemblies were assembled in poly- 
sulfone cases along with the terminals, valve and cell covers. 
relief valve was used in the construction of these cells. 

Each of the negative electrodes was as  sembled be- 

Teflon tape seals were used around the two sides and bottom 

The electrodes used in these cells were sintered 

A 20 psi 

These cells were tested in accordance with instructions from 
the Project Monitor as  shown in Table XX. 
groups (Groups A, By C and D). 
20 ma/cm2 with 5% overcharge; Group B at  30 ma/cm2 at 25OC with 5% over- 
charge; Group C at 30 ma/cm2 at 100°C with 10% overcharge. Group D was 
tested the same as  Group A, except that the charge ra tes  were to be adjusted 
a s  required. Groups A, B, and C were to have no charge rate adjustments. 
All cells were cycled on a 1/2-hour discharge, 1-hour charge regime using 
a 2. 10 V maximum charging voltage. The cells were allowed to cycle con- 
tinuously until they discharged below one volt, at  which time they were re- 
charged at 350 m a  at  ambient temperature to full charge and discharged at  
the cycle discharge rate,  plus a drain at  one ampere to one volt. 
capacity delivered was equal to or  greater than 4. 0 Ah (80% of rated capacity), 
the cell was returned to i ts  cycle regime. 
capacity was defined as  cell failure. 

The cells were divided into four 
Group A (10 cells) w s tested at 25OC at 

If the total 

Loss of greater than 20% of rated 

2.3. 1 Cell Formation 

After filling with 3070 KOH, the 35, 5-Ah cells were 
formed by charging at  350 ma to 2. 10 volts and discharged at 1 A to 1.0 V .  
The cells were then recharged at 350 ma to 2.05 volts. 
given in Table XXI. 
markable for their uniformity. 
capacity of 7 .4  Ah. 
range of capacity on first discharge was 7.3 to 8 .2  Ah. 

Cell capacities a re  
The capacities of the 35, 5-Ah cells tested were r e -  

Twenty-three of the cells had an initial 
Five cells had a capacity of 8.0 Ah and the overall 

Because the cells 
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were charged at constant current to a voltage cut-off of 2.1 V in groups 
connected in ser ies ,  the actual cell to cell  uniformity is probably even 
better than these data indicate. 

Typical formation discharge curves for one cell  from 
each test  group a r e  ehown in Figures 55, 56, 57 and 58. 

2.3.2 Cycle Testing 

After formation, the cells were placed on automatic 
cycling test  consoles. 

with Douglas Astropower, established that the f i r s t  two cells from each 
group that ran down during automatic cycling and did not deliver the 4.0-Ah 
minimum capacity after a low rate charge would be disassembled fo r  evalua- 
tion. However, subsequent cells that did not have a 4. 0-Ah capacity af ter  a 
low rate charge, but gave a sufficient capacity to meet the automatic dis-  
charge cycle, would be allowed to continue cycling, but with increased charge 
rates  and maximum charge voltage. 
would be returned to their  original regimes. 
establish the cycle life capability with 80% capacity retainment a s  well a s  
total cycle life capability a t  a given current  density. 
cycle life will show two columns: One column will show cycle life with 8070 
capacity retainment and no charge adjustments, and one column will show 
total cycles accumulated including charge adjustments. 

After the Grou A and D cells had accumulated 
about 1000 cycles at 20 ma/cm2 a t  25 8 C y  the Project Officer, in agreement 

Cells which delivered 4.0 Ah o r  more 
This would provide data to 

Tables showing cell 

2.3.2. 1 Groups A and D, 20 ma/cm2, 25OC 

Fifteen 5-Ah multiplate cells were cycled 
Charge rates were set  at  1.3 A with automatically a t  20 ma/cm2 at 25OC. 

a 2. 10 volt maximum circuit (5% overcharge), while the discharge rate was 
2.5 amperes using a fixed load. 
bunsen valve. 
cycles. Thereafter, small  amounts of water were added to each cell. 
Water additions averaged about 2 to 3 cc per  cell  per  week. 

These cells were equipped with a 20 psi  
No electrolyte additions were made during the initial 800 

It was noted that some carbonate build-up 
occurred from opening the cells during water additions. 

All  cells  in Groups A and D displayed mi- 
form discharge voltage plateaus of about 1.45 volts during the first 1300 
cycles, 
shown in Figures 59-73. Thirteen of 15 cells continue cycle tes t s  a s  of the 
end of this program. As  many as 1455 cy t les  were completed at  this ra te  
without any cell failures, as shown in Table XXII. Cell MC - 136 delivered 
2.7 Ah after 1455 cycles, Cell MC- 142 delivered 3.2 Ah af ter  1832 cycles, 
Cell MC-143 gave 3.4 Ah af ter  1588 cycles, while Cell MC-148 delivered 
2.8 Ah a t  the end of 1912 cycles, These delivered capacities were after a 
24-hour maximum charge period at 350 ma at ambient temperature and a 
2. 5 ampere discharge to 1.0 volt, plus a drain of one ampere to 1.0 volt. 

Typical performance curves for each of these fifteen cells are. 
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The cycle discharge rate was used to establish the capability of the cell to 
meet the cycle requirements. 
the first four cells failing to date occurred after an average of about 1700 
cycles at  20 ma/cm2 at 25OC. 

The average number of cycles at 20 ma/cm2 
at 25OC without any charge rate adjustments is 2111, based on an average of 
15 cells. However, 12 of the 15 cells have had no charge adjustments. The 
charge adjustments were made after the cells gave less  than 4.0 Ah during a 
capacity check. 
and the charge voltage limit raised from 2. 10 to  2. 15 volts. The average 
number of cycles accumulated at the time of the rate adjustment was 1775 
(Cells MC-138, MC-142 and MC-148). 

From Table XXII we can see that failure of 

The rates were increased from 1.3 amperes to 1.4 amperes,  

A s  many as 2458 total cycles have been 
completed a s  of the end of the program. 
completed is 2259, discounting the two cells (MC-136 and MC-143) which 
were stopped a s  directed by the Project Officer. 
of cycle operation at 25OC. 

The average number of total cycles 

This represents 3400 hours 

Figures 74 and 7 5  show the open circuit 
voltages obtained for periods ranging from 1 to 24 hours during the capacity 
ohecks shown in Table XXIV, as well a s  capacity degradation as a function 
of cycle life. In general, the open circuit voltage remained a nominal 1.86 
f 0.02 V with the capacity retained at about 5 Ah after cycling 1800 times. 

Analysis of cells MC-136 (1455 cycles) and 
MC-143 (1588 cycles) showed no component failures. 
tape and collar seals had adhered to the separators and had maintained the 
compartmental seals. No loose negative electrode material  was found out- 
side the negative compartment. The polysulfone case and cover as well a s  
the terminal assemblies were not effected by the 30% KOH. 
analysis of the electrolyte showed 26% carbonates. 
carbonation of the electrolyte increases cell  resistance which results in 
greater difficulty in charging the negative electrodes. 

That is, all Teflon 

However, 
It should be noted that 

Cell failure could not readily be attributed 
to any single factor. Apparently, the imbalance of charge between the zinc 
and silver plates resulting from normal changes in the zinc electrodes, -and 
electrolyte carbonation both contributed significantly to cell failure. 

Based on the results obtained in these tests, 
it is reasonable to project a minimum life of 3000-4000 cycles for the cells 
in this group. 
sealed because electrolyte carbonation clearly limits the useful life of the 
present design. Improvement of the electrode will also contribute substan- 
tially to even longer cycle life. 

Even longer cycle life may be expected when the cells a r e  
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2.3.2.2 Group B, 30 ma/cm2, 25OC 

Ten cells were automatically cycle tested 
at  30 ma/cm2 at 25OC as described in Section 2.3. 
2.0 amperes for one hour while the discharge rate was set  at 3.75 amperes 
for  1/2 hour using a 5% overcharge. 

The charge rate was 

Table XXIII shows the status of these cells 
a t  the end of this program. Four of ten did not fail after a s  many as 2088 
cycles. 
average number of cycles completed at this regime by the six cells failing 
to date (less than 4.0 Ah) is  1245 cycles., 
2. 10 to 2. 15 volts to compensate for the inefficiency of the zinc electrode 
due to carbonation. 
cells that have not failed have cycled without any charge rate adjustments 
and have completed an average of 2005 cycles as of this writing. Typical 
performance curves for each of these ten cells a r e  shown in Figures 76 to 
85 with the average discharge voltage plateau a t  about 1.43 V. 

This represents about 3100 hours of continuous cell operation. The 

The charge rate was raised from 

Three Earliest  cell failure occurred after 937 cycles. 

No electrolyte additions were required 
At this point, the average electrolyte addition during the first 500 cycles. 

(water) was about 3 cc  per  cell  per week. 

It is interesting to note that these cells 
generally maintained rated capacity for  over 1000 cycles a s  shown in Table 
XXIII and illustrated in Figures 86 and 87, and had nominal OCV of 1.86 f 
0.02 volts confirming the integrity of the inorganic separator, component 
seals, and cell pack in general. The average number of cycles a t  the first 
recharge was 1201 cycles based on the ten cells tested,, 

Four  cells in this group have been disas- 
assembled so far, including cells MC-156, MC-158, MC-159 and MC-160. 
Evaluation of the cell components of MC-158 (999 cycles) and MC-160 
(1091 cycles) confirmed the integrity of the Teflon tape and collar seals 
after long cycle life. No adhesive losses were observed in either cell. 
Thepolysulfone case and cover and terminal assembly were not affected by 
the 3070 KOH. Carbonate content in  the electrolyte analyzed from these 
cells was 2770. Again, no single mode of failure was noted. 
felt that a compounding of factors, such as zinc electrode changes and elec- 
trolyte carbonation, led to cell failure. 
MC-159 (1024 cycles) did show expansion of the zinc electrodes at  the bot- 
tom of the zinc plate, resulting in a major crack in the separator at the 
bottom of the zinc electrode compartment causing failure. 
other cell  components from these two cells showed the case, cover, tape 
seals and terminal assemblies not effected by the 30% KOH during the cycle 
tests. 

Rather, it is 

Cells MC-156 (1139 cycles) and 

Inspection of 

These tes ts  confirm the data indicating the 
long cycle life capability reported for  Groups A and D in Section 2.3.2. 1. 
As  was the case of the previous groups of test cells, carbonation and loss of 
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electrolyte is  a significant factor in dictating cycle life. 
will be resolved by sealing the cells. 
date, the minimum cycle life projected for  this group of cells is 2000 - 3000 
cycles. 

These problems 
Based on the test  results obtained to 

2.3.2.3 Group C, 30 ma/cm2, 100°C 

Ten 5-Ah multiplate cells were formed a s  
previously described in Section 2.3. 1. 
automatically cycled using a 1/2-hour discharge, 1 -hour charge cycle 
regime at 30 ma /cm2a t  100°C with a 1070 overcharge. 
2. 1 amperes while the discharge rate  was 3.75 amperes  using a fixed load. 

After formation, the cells were 

The charge rate was 

During the initial 100 cycles, the cells re -  
quired about 1. 5 cc electrolyte per  cell  pe r  day. At that t ime, the rubber 
bunsen valve sleeve decomposed a s  a result of continuous contact with the 
3070 KOH at 100°C. 
completed the cycle tes ts  as open cells. As  a result, electrolyte additions 
averaged 2,  1 cc  pe r  cell  per  day for  the remainder of the test. 

Since the sleeves were not replaced, all Group C cells 

At  the beginning, 2070 KOH was added as 
make-up electrolyte. This was reduced to 10% after about 300 cycles, and 
water was added for  the remainder of the test  to prevent extreme electrolyte 
concentrations. 

As  many as 591 cycles were completed a t  
this regime with five of ten cells f rom the group accumulating from 523-591 
cycles, with a total group average of 501 cycles, as shown in Table XXIV. 
Discharge voltage plateaus fo r  all cells were consistent at 1. 50 volts during 
the first 200 cycles. Thereafter, the discharge voltage plateaus exhibited a 
gradual decline to about 1.45 volts just pr ior  to failure, 
related to the pick-up of carbonate contaminants in the electrolyte as a 
function of time. 
Group C cell a r e  illustrated in  Figures 88 to 97. 

This was apparently 

Typical charge-discharge performance curves for  each 

After failure, each cell was disassembled 
for  evaluation. 
positive plates and their attached wires to the point where partial  contact 
losses  had occurred. 

Analysis of the cell  components showed oxidation of the 

The polysulfone case and cover as well as 
the negative terminal assemblies were not effected by the long wet life of 
100°C. The Teflon tape seals  and collars showed a partial  adhesive loss. 
However, the Astroset 3420-09 inorganic separator had no signs of pitting 
o r  erosion as a result of continuous cycling a t  30 ma/cm2 at 100°C. 

These tes ts  demonstrate the capability of 
the NA A 5-Ah inorganic separator cell to cycle at least  591 t imes at 30 
ma/cm’ at 100°C. Subsequent decline in performance is relatedo to electro- 
lyte loss and carbonation. Considerably longer cycle life at 100 C cam be 
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expected with terminal connector redesign, insulation of the terminal coA- 
nectors, cell sealing and improvements in the electrodes. 

Based on this laboratory data, a minimum 
of 1500 to 2000 cycles at 100°C can be anticipated. 

2.3.2.4 Task 111- summary of Cycle Test Results 

The broad objectives of Task 111 were to 
obtain data that would enable the evaluation and characterization of the final 
5-Ah multiplate design as well as establish the weak points and areas  that 
would require further work prior to prototype cell  fabrication. 

Thirty-five cells were fabricated and tested. 
Fifteen cells were cycled at 20 ma/cm2 at 25OC, 
30 ma/cm2 at  25OC, and ten cells were cycled at 30 ma/cm2 at 100°C. 
Thirteen of 15 cells at  2 0  ma/cm2 a t  25OC accumulated a s  many a s  2458 
total cycles. This represents over 3400 hours of operation. Five of ten 
cells cycling a t  30 ma/cm2 have achieved as many a s  2036 total cycles, 
representing about 3100 hours of cycle life. The ten cells at 30 ma /cm 
100°C averaged 501 cycles, with five of ten cells accumulating 523-591 
cycles, o r  885 hours of continuous cycling at 100°C. 

ten cells were cycled at 

2 a t  

In general the rated capacity level was 
maintained after 1900 cycles a t  20 ma/cm2’at 25OC and 1000 cycles at 
30 ma/cm2 at  25OC with nominal open circuit voltages. 

It should be noted that the level of cell to 
cell  uniformity was exceptional for the  35 cells in this test group. 
apparent in the individual 5-Ah cell capacities on formation, a s  well a s  
cycle life performance. 

This is 

Discharge voltage plateaus were also uni- 
fo rm in each group ranging from 1.40 - 1. 50 volts. 

Analysis of the 25OC cells disassembled 
showed no component failures except in the case of MC-156 and MC-159. 
In these cells zinc electrode slumping had occurred resulting in loss of 
capacity and separator failure. 
showed carbonate contamination averaging 26%. Failure apparently resulted 
from changes in the zinc electrode as well a s  carbonate contamination of the 
electrolyte. 
changes, a s  well as carbonate build-up in the electrolyte. 

Analysis of the electrolyte after testing 

The Group C cells at  100°C failed as a result of electrode 

F rom the data obtained thus far, it is 
reasonable to forecast longer cycles of 3000-4000 cycles at 20 ma/cm2 a t  
25OC, 2000-3000 cycles at 30 ma/cm2 a t  25OC, and 1500 cycles at  30 ma/cm2 
at 100°C with improvements of the electrodes, protection of the terminal 
leads, and sealing the cell. 

164 



3*. 0 CONCLUSIONS 

The experimental work done under Contract NAS 3-7639 resulted in 
the design, development and fabrication of 5-Ah multiplate silver-zinc cells 
using Astroset inorganic separators and electrode configurations which met 
o r  exceeded all work statement requirements and goals. 
clearly demonstrated the value of this type of construction and the superior 
Qperating characterist ics of NASA silver-zinc cells constructed with Astro- 
set  inorganic separators,  both at 25OC and 100°C. 

This work has 

It has been shown that: 

1. 

2, 

3. 

4. 

5, 

5-Ah silver-zinc cells of this type a r e  capable of longcycle life 
at both 25O and 100°C. These cells have run for more than 
2458 cycles a t  20 ma/crn2 and 2036 cycles at 30 ma/cm2 on a 
1 /2  hour x 1 hour test  regime as of this date and these tes ts  a r e  
continuing. 
cycles at 30 ma/cm2 before losing 20% capacity due to carbona- 
tion of the electrolyte and electrode changes. 

The 5-Ah cells designed and evaluated in  this program satisfac- 
torily passed the shock, vibration, acceleration and acoustic 
noise tes ts  specified in the work statement without apparent 
physical o r  electrical impairment. 

At 100°C, these cells were run for  as many as 591 

The silver and zinc electrodes used satisfactorily met the com- 
ponent evaluation requirements specified in Task I1 of the pro- 
gram. 
5-Ah cells fabricated and evaluated i n  Task 111 of the program 
and for use in  the 10,5-& cells which were delivered toNASA/ 
Lewis as required by the program. 
Task III indicate that even longer cycle life and improved per-  
formance can be expected with further electrode improvement, 

These electrodes proved to be satisfactory in  the 35, 

The test  results obtained in 

Astroset No. 3420-09 inorganic separators,  which were se- 
lected for  use in the Task 111 cells,  are capable of a t  least  2458 
cycles at practical drain rates. 
the concentration range of 30% - 4570 at temperatures up to 
l5OoC has been confirmed. 

These tes ts  also establish their  effectiveness in  preventing 
electrode species migration, inertness to reaction with the 
si lver electrode, prevention of zinc dendrite growth and appli- 
cability to practical high energy density cell  designs. 

Polysulfone molded with properly designed tools is a satisfac- 
tory case material for silver-zinc cells for operation over the 
temperature range of 25O to 100OC. The potential of this ma- 
terial for  application in  silver-zinc cells capable of thermal 
sterilization was also clearly established. Sealing techniques 
have been developed f o r  the cell case and cover which permit 
internal pressures  of 40 psi  at temperatures of 20° to 15OOC. 
Polysulfone cases  of our design have beenoperated continuously 

Their inertness to KOH over 
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6. 

7. 

8. 

9 .  

for  more than 885 hours at 100°C without any evidence of 
attack, crazing o r  deterioration of any type. 

A terminal design has been develo ed capable of operation at 40 
ps i  over the temperature range 25 C to 15OoC without electro- 
lyte o r  gas leakage. 

Current collectors and connectors designed and evaluated i n  
this program are capable of operation at drains up to 30 am- 
peres  over the temperature range 25O to 15OoC, An extension 
of the long cycle life performance obtained with the 5-Ah cells 
in Task III of this program can be expected as a result of 
further improvement of these components. 

The cells designed and evaluated in  this program can be oper- 
ated using KOH concentrations ranging f rom 30% to 4570 without 
substantially effecting operating characterist ics o r  cell  life. 
This flexibility, which is not available in  conventional cells 

* using plastic separators,  is basically due to the inertness of 
the Astroset inorganic separator and is of considerable value 
in  designing silver-zinc cells to meet specific space application 
requirements. 

Successful completion of this program has established the value 
of this type of construction and the effectiveness of Astroset in- 
organic separators in  practical multiple plate silver-zinc cells. 
These data form the basis for  the continuation of this work and 
construction of prototype 5-Ah cells for  extensive testing and 
evaluation by NASA, It is also desirable that some additional 
work be done to improve the case to cover seal  for  fully sealed 
operations and to further optimize the electrodes for even 
longer cycle life and improvement of overall operating 
parameters  e 
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